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SYNOPSIS 


of the 

Ph*D, Dissertation 
on 

HYDRODYNAMIC, AXIAL MIXING AMD MASS TRANSFER STUDIES 
ON A MOBILE BED CONTACTOR WITH LOW DEts^SITY PARTICLES 

by 

OM PRAIGiSH RAI^A 

Department of Chemical Engineering 
Indian Institute of Technology Kanpur 
Kanpur 208016( INDIA) 


Mobile bed contactor, which is also referred to as 
Turbulent Bed Absorber, Turbulent Contact Absorber, Fluidized 
Bed Contactor etc., is a three-phase fluidized bed in which 
relatively large and low density particles are fluidized by 
the upward flow of gas and irrigated by the downward flow of 
liquid. It is increasingly finding application as an alter- 
native to conventional packed bed in absorption, distillation, 
pollution Control etc,, because it permits higher throughputs, 
promotes higher heat and mass transfer rates, and processes 
dusty gas streams and slurries without clogging. 


In the mobile bed contactor, the particles are presumed 
to generate turbulence and thus enhance the interphase heat 
and mass transfer rates. The pressure drop and hence the power 
required to keep the particles in a fluidized condition 
depends to a greater extent on the density and shape of the 
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particles. These should be such that, the enhancement in heat 
and mass transfer rates per unit pokier expended in the bed is 
maximum. To achieve this objective, an understanding of the 
hydrodynamics, axial mixing of phases and mass transfer over 
a range of densities and different shapes and sizes is required. 

Studies on hydrodynamics and mass transfer with spherical parti- 

-3 

cles of densities ranging from 150 to 1280 kg m have been 
reported in literature, only three studies have been reported 
for liquid-phase axial mixing. In this work hydrodynamic and 
axial mixing studies have been carried out and reported for 

a mobile bed contactc.<r of 0,15 m ID, with spherical, cork and 

-3 -3 

'irregular' shaped particles of densities 53 kg m , 183 kg m 
-3 

and 112 kg m , respectively, and for tour static bed heights 
(0.12 m, 0.24 m, 0.36 m and 0.48 m). Mass transfer studies, 

-3 

with 0.038 m diameter spherical particles of densities 53 kg m 
-3 

and 148 kg m and for static bed height of 0.24 m, ware also 
conducted using the absorption of CO 2 in NaOH solution to 
obtain interfacial area and liquid-phase mass-transfer co- 
efficient , 

To determine liquid holdup and axial mixing, brea]s.through 
Curves ware obtained employing the step- input response technique 
using NaCl solution as a tracer. 
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It was observed that for higher static bed heights and 
at lower gas velocities, the particles congregated at the wall 
leaving a particla-f ree core. The congregation was more xoro™ 
nounced with the cork and irregular particles. Maps depicting 
the regions of congregation are presented. In literature, it 
has been reported that the liquid holdup is fully supported by 
the upward flov/ of gas. But, it was found that only a part of 
the liquid holdup is supported for these lovr density particles. 
The KitO“Tabei-Murata correlation has been adapted to fit the 
data of the liquid holdup emd pressure drop. Correlations for 
the bed expansion and minimum fluidization velocity have been 
proposed. 

It was found that axial mixing in the liquid phase was 
in between perfectly-mixed and plug flow conditions. The 
Peclet number increased with the static bed height and, in 
general, decreased with the gas velocity. Correlations for 
the Peclet number and axial dispersion coefficient have been 
proposed. The results indicate that near plug flovj of liquid 
phase could be achieved with higher static bed heights if the 
Congregation could be avoided. 

In the mass-transfer studies, recycling arrange^ments for 
the solution and the gas were employed in order to conserve 
the reagents and to achieve saturation of inlet air with water 
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vapor. The composition of CO 2 in the gas stream# NaOH in the 
solution and temperatures of inlet and outlet gas and liquid 
streams were monitored. From this data# Danckwerts* jslot for 
each run was rrade to evaluate the interfacial area and the 
surf ace- renev/al rate. 

It was found that interfacial area in the bed with 
lighter spherical particles was higher than with the heavier 
particles. Further, the surface- renewal rate v/as about an order 
magnitude smaller than the pseudo-first order reaction rate 
Constant in the case of lighter particles, whereas it was 
almost negligible for heavier particles. Thus the contention 
of Strumillo and Kudra (1977), that the iiiterfacial area as 
well as the surface renewal rate in this contactor has to be 
evaluated, appears to be justified. 

The interesting finding, that the higher intorfacial 
area and higher mass transfer coefficient resulted v/ith 
lighter particles and that only a part of the liquid holdup 
is supioortod, v/ere explained making use of the hypothesis 
advanced by O'Neill et al.(1972) V7ith regard to the nature of 
fluidization with density of the particles. 

Comparing v/ith the values of interfacial area reported in 
literature it was shown that relatively low density particles 
will yield higher interfacial area and liquid phase mass- 
transfer coefficient per unit power required in fluidizing the 
particles in mobile bed contactors. 
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CHAPTER 1 

INTRODUCTION 

Mobile bed contactor is a three-phase fluidized bed 
in which relatively large and low density particles, placed 
between two retaining grids in a vertical column, are flui- 
dized by the upward flow of gas and irrigated by downward 
flow of liquid. In literature this contactor has been referred 
as Turbulent Bed Contactor, Turbulent Contact Absorber, 
Floating Bed Scrubber, Fluidized Bed Contactor etc. Reference 
to the mobile bed contactor first appeared in.. literature in 
1959 as a means for efficient removal of the particulate 
matter from dusty gas streams (Anon,, 1959). The pilot plant 
studies revealed that the violently agitated particles bring 
about intimate contact between gas and liquid, promote heat 
and mass transfer rates, and allow higher throughputs at lower 
pressure drop; and this led to the installation of a number of 
large scale units (Douglas et al,, 1963; Anon,, 1964; 

Strumillo et al., 1976; Ramm and Gildenblat, 1970), The 
contactor is increasingly finding application as an alter- 
native to conventional packed bed in absorption, distillation, 
cooling and h\amidif ication and pollution control (Gel'perin 
et al,, 1966; Barile and Meyer, 1971; Strumillo et al,, 1974), 
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Several studies on pressure drop/ minimum fluidization 

velocity, expanded bed height and liquid holdup in the mobile 

bed contactor have been reported. Some of the mass transfer 

studies revealed that the sect ion aliz at ion of the bed improves 

the mass transfer performance indicating that the mixing of 

the phases need to be accounted. Only three studies have been 

reported on the axial mixing of the liquid phase. Several 

studies on mass transfer have been reported. But, most of 

these studies are concerned with the overall mass-transfer 

Coefficients and only few aimed at the evaluation of gas-ond 

liquid-phase mass-transfer coefficients and interfacial area. 

Hence, most of studies appear to be applicable only to the 

specific systems, studied and that too within the range of 

variables covered, in all the studies reported so far mainly 

the spherical particles of densities ranging from 150 to 
-3 ' 

1280 kg m have been used. 

In mobile bed contactor, the particles are presumed to 
generate turbulence and thus enhance the rates of interphase 
heat and mass transfer. But the pressure drop and hence the 
power required to keep the particles in a fluidized condition 
depends to a greater extent on the shape and density of the 
particles. The shape and density of the particles should be 
such that the enhancement in the interfacial rate of heat or 
mass transfer per unit power expended in the bed is maximim. 
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To achieve this objective^ an understanding of the hydrodynamics 
axial mixing and mass transfer over a range of densities and 
different shapes of particles is warranted. 

The present work was undertaken to study these aspects 

with relatively low density spherical and non- spherical parti- 

-3 

cles. The range of densities between 53 to 183 kg m v/as used. 
The liquid holdup and liquid phase axial mixing were measured 
using. the step- input response technique with air~v/atar system. 
The breakthrough curves were analyzed using the single™, 
parameter axial dispersion model. The mass transfer studies 
were conducted using the absorption of CO 2 from air into NaOH 
solution and the interfacial area was determined using the 
Danckwe rt s ' plot . 

A review of the literature on hydrodynamics, axial 
mixing and mass transfer has bean presented in Chapter 2. 

The details of the experimental setup and measurement tech- 
niques are described in Chapter 3, Results and discussion 
are given in Chapter 4. Conclusions are presented in Chapter 5, 
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CHAPTER 2 

LITERATURE REVIEW 

A review of the literature concerning hydrodynamic^ 
axial' mixing and mass transfer studies on mobile bed contactor 
has been presented in this chapter. 

2.1 HYDRODYNAMICS 

A Comprehensive survey of the literature upto 
1974 on 'hydrodynamics of the mobile bed contactor has 
been presented by Strumillo et al.(1974). Some of the 
earlier studies have been also reviewed' by Blyakher 
et al,(1967). The details of the contactor used# the 
range of variables covered and the nature of studies 
conducted by various investigators are summarized in 
Table 2,1, A list of correlations proposed by various 
investigators for pressure drop# liquid holdup# bed 
expansion and minimum fluidization velocity is presented 
in Table 2.2, Since some of these correlations aare not 
in dimensionless form# they have been converted and 
reported here in the SI units. The results of these 
studies are discussed in the following sections. 

2.1.1 Pressure Drop and Liquid Holdup 

In general# the total pressure drop# ^P# across 
the mobile bed (including the bottom supporting grid) 
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may be represented as a sum of various individual 
pressure drops; 

Ap = iiPp + Ap^g 

The analysis of the pressure drop data indicates 
that a.11 the terms in Equation (2,1) may have to be 
Considered if the free open area of the bottom suppor- 
ting grid/ f, is less than 65 % (Balabekov et al, 1969a/ 
1969b; Blyakher et al., 1967; Gel’perin et al,/ 1966/ 
1968a; Krainev et al./ 1968; Levsh et al,/ 1968a, 1968c; 
Strumillo et al,, 1974, 1976; Wozniak, 1977). In the 
Case of/ f, being greater than 65 only APp and 
need to be considered (Barile and Meyer, 1971; Groeneveld, 
1967; Kito et al., 1976b/ 1976c; Tichy and Douglas, 1972, 
1973; uchida et al., 1977). The correlations obtained 
by various investigators for the different terms of 
Equation (2.1) are given in Table 2.2. 

The variation of Ap with gas velocity, U , at 

Constant liquid velocity, U^, is affected by the free 

open area of the grid, the ratio of the static bed 

height to the diameter of the contactor, H /D, and the 

density of the packing particles, P . It is observed 

•J 'P 

that for f ^65 %, Ap increased with increase in u , 
whereas it remained independent of Ug for fif'65 %* 
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Sven the type of the supporting grid seems to influence 
the hydrodynamics of the mobile bed (Balabekov et al,/ 
I969a^ 1969b; Strumillo e-t al,# 1974# 1976). For instance# 
the data obtained by Wozniak (1977) with perforated grid 
having f = 60 % reveal only a marginal increase in A P 
with U # while that of Strumillo et al.(1974) V7ith 
slotted grid having f = 65 % show significant increase 
in Ap with Ug. It may be pointed out that most of the 
investigators have used perforated plates or wire meshes 
as grids. 

Kito and co-workers (Kito et al.# 1976b# 1976c# 

1977# 1978; Kuroda* and Tabei, 1981) studied the effect 
of several parameters including the physical properties 
of the liquid on hydrodynamics of the mobile bed, A 
vride range of different variables vjas covered in their 
studies, uchida et al.(1977)# v7ho analysed the data 
obtained by Epstein et al,(1975) on large sized three- 
stage mobile bed contactors# have proposed correlation 
for A P by modifying the one proposed by Kito et al., 
(1976c). Kito and co-workers (Kito et al.# 1976C; 

Kuroda and Tabei# 1981)# Tichy and Douglas (1972# 1973)# 
uchida et al.(1977) represented the total pressure drop 


* Kuroda was formerly known as Kito, 
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as the sum of and AP,„» Since A'P has been 

P XB 

found to be independent of U for f > 65 %, it is expec- 

y 

ted that the variation of AP,„ with U will also 

xB p 

remain constant, . 

The liquid holdup in mobile bed contactor has been 

measured employing either the direct method using quick 

acting valves (Balabekov et al.^ 1969a; Kite et al,, 

1978; Wozniak, 1977) or, the indirect method using the 

tracer technique of residence— time measurement (Chen and 

Douglas, 1968; Groeneveld, 1967), Chen and Douglas (1968) 

and Kito et al,(1978) have shown the liquid holdup, h^, 

to be independent of U , They used grids with f>70 %, 

y 

H^/d ranging from 1 to 3 and ranging from 150 to 

-3 

1250 kg m , But Groeneveld (1967), who experimented 
with beds consisting of ping-pong balls of = 70 kg m~ 

f ]^70 % and H^/d< 1, has found that while AP remained 
independent of U^, h^ increased with U^; whereas the 
data of Wozniak (1977) indicate a marginal increase in 

h, with U under the conditions v/ith f = 60 %, H /D = 1 

y s 

andj^p = 26 3 kg m“^, 

Tichy et al,(1972) found that while ^p was constant 

3 

with u for H /D = 1 and P = 155 kg m” , it decreased 
9 s y-p 

with U for H /D equal to 1.5 and 2.0, This decrease in 
g s 

jAp was attributed to the congregation of the particles 
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in the form of a mono- static layer along the wall, which 
they termed as the 'wall effect*. It appears that they 
are the lone investi^atoTs to report such a phenomenon 
occuring in a m.obile bed contactor. They measured also 
the variation of the static pressure along the height 
of the mobile bed and found it to be linear. They co- 
rrelated their pressure drop data using an equation 
obtained by treating the mobile bed to be consisting of 
a number of gas channals^ in a manner similar to the 
analysis of the pressure drop in fixed beds. Considering 
that the liquid holdup in the bed is located over the 
particles in the form of a film covering their entire 
surface, Kuroda and Tabei (1981) obtained an expression 
by equating the drag force on the wet particles to their 
buoyant weight. They evaluated the apparent drag co- 
efficient of friction from their experimental data, 

Vukovic et al.(1974) have reported the experimental 
data on the pressure drop and the liquid holdup in a 
three-phase spouted bed, a counterpart of the mobile bed. 
They have observed that only a part of liquid holdup is 
"supported" by upward flovr of the gas. They have analysed 
the data of Chen and Douglas (1968) and showed that the 
ratio is in the range of 0,85 to 0.95 even for the 


mobile bed 
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2,1.2 BGd SScpanslon 

In literature, the bed expansion has been reported 
either as the ratio of the average height of the mobile 
bed to the height of the static bed, h/H , or as the 
gas holdup per unit volume of the mobile bed, ^g* 

These are related in the following way 

In general, the expanded bed height has been found 

to increase with gas and liquid velocities, and diameter 

of the packing particles. The ratio h/H^ has been 

observed to be independent of The bed expansion 

showed a marked dependence on the free open area of the 

grid. For instance, with f^70 %, the ratio H/H^ has 

been .observed to vary linearly with U (Chen and Douglas, 

y 

1968; Kito et •al,,1976c; Tichy and Douglas^ 1972, 1973), 
while the trend was non-linear for f^65 % (Balabekov 
et al., 1969a, 1969b, Blyakher et al,, 1967; Gel'perin 
et al., 1966, 1968a; Krainev et al., 1968; Levsh et al,, 
1968a; Strumillo et al,, 1974). . 

Tichy and Douglas (1973) have extended their 
pressure drop analysis (Tichy et al., 1972) to obtain a 
functional form for bed expansion. To this, they have 
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fitted their ovm data and that of Chen and Douglas (1968) 
by regression analysis. They have found that the particle 
density has no effect on .bed expansion, 

2.1.3 Congregation Below the Upper Grid 

As the gas velocity is increased at a constant U^, 
the particles start congregating below the upper grid 
whenever the gas velocity equals the terminal veloc ity 
of, the wet particles or whan the bed height reaches the 
upper grid at a gas velocity lower than the terminal 
velocity. This represents the upper limit of the normal 
mobile bed operation. It is referred, hereafter, as 
'top grid congregation velocity' in preference to the 
term "flooding point" used in the literature (uchida at 
al., 1977, 1980; Wen and Chang, 1978), because the terra 
'flooding' is generally used to describe a different 
physical condition prevailing in gas-liquid and liquid- 
liquid contactors. Uchida et al,(1977, 1980) have proposed 
a method of evaluating the point of congregation below 
the top grid. 


2,1.4 Minimum Fluidization Velocity 

It has been observed that the transition from 
static bed to mobile bed is gradual (Balabekov et al.. 
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1969a/ 1969b; Tichy et al./ 1972), The minimum fluidi- 
zation velciCity U ^ has been determined either by 

mr? 

extrapolating the plots, h/K vs U_, to H/H„ equal to 

S y S 

one (Blyakher et al,, 1967; Chen and Douglas, 1968; 

Tichy and Douglas, 1972) or frfun the relationship of 
vs (Balabekov et al., 1969a, 1969b, 1971; Kito 
et al., 1976b) as is usually done in the case of conven- 
tional fluidized beds. 


O'Neill et al. (1972) have discussed some of the 
apparent inconsistencies in regard to the affect of 
different variables on hydrodynamics of the mobile bed, 
especially the effect of density of the particles on 

They have hypothesised that the mobile bed .operation 
may be characterised as the 'fluidization with incipient 


flooding' or as the 'fluidization v/ithout incipient 
flooding'. In the former case, at the minimum fluidization 
the bed is under incipient flooding condition while in 
the latter case it is below the incipient flooding, 
which should obviously be the case with lighter particles. 
They have shewn that in the former case, remains 

independent of ^ ^ whereas in the latter, it is a 


function of 


*P 

, They have predicted that the shift from 


one mode of fluidization to other (viz. fluidization 
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without incipient flooding to fluidization with incipient 

3 

flooding) takes place at = 233 kg m"’ . The maximum 

value of beyond which the mobile bed operation is 

-3 

impossible^ has been shown to be 1330 kg m .In sur^port 
of their contention of fluidization with incipient 
flooding/ they have shovm that the operating points 
reported by Douglas (1964), Chen and Douglas (1968), 
and Levsh et al.( 1968a/ 1968c) fell in between the 
flooding curves of the dumped packings and the drip 
point grids on the well-known Lobo plot. 


Kuroda and Tabei (1981) have derived an expression 
for in terms of apparent coefficient of friction by 
equating the drag force on the wet particles to their 
buoyant weight. They have shown that their experimental 
data could be correlated by this expression with '~-20 % 
deviation, 

2.2 AXIAL MIXING 

The understanding of the axial mixing of the liquid 

and gas phase is essential for the determination of true 

values of k, and k of the mobile bed contactor, and for 
1 g 

its design and performance evaluation. Till date only 
three papers have appeared on the axial mixing of the 
liquid phase (Chen and Douglas, 1969; Koval et al., 
1975a; 1975b) and none on the gas-phase axial mixing. 
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The details of the investigations on the liquid-phase 
axial mixing in mobile bed contactor are given in 
Table 2.3. 


Chen and Douglas (1969) have determined the axial 
dispersion coefficient, 15 , of the liquid phase by 
fitting the step-function response data to the single- 
parameter axial dispersion model. They have reported 
that the values of D_ were found to increase with gas 

Li 

and liquid velocities. The average liquid-phase velocity 


U (defined as U = H/©), vjas found to be independent of 
gas velocity, but increased with liquid velocity. They 

I 

have analyzed the dat^ in terms of the ratio, Pe ^ 


II ® 

where pe and pe^ are the liquid-phase peclet numbers 
based on U for the mobile bed and the packed bed at 
Ug = 0/ respectively. For all the three sizes of packing 
particles studied, this ratio was found to be independent 
of the liquid velocity (and hence of U) and to decrease 
with the increase in the reduced gas velocity, A./ def ined 
as (Ug“U^^)/u^^, For Pe^ , they have adopted bhe 
following functional form of the Gorrelations proposed 
by Otake and Kunugita (1958) and Otake et al.(1962), 

' - "^1 
pe^ = k^ ( Re^) t(Ga) 

/■" ■ ■ 


(2.3) 



TABLE 2.3 

EXPERIMENTAL DET AILS OF HQUID PHASE AXIAL MIXING STUDIES ON MOBILE BED CONTACTOR 
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where k^, and are constants. They have considered 

that besides Re^ and Ga, ^(to take care of intensity of 

bed motion), and ^ (to account for the wall effects) 

D 

should also be included in the correlation for Pe . 

Accordingly, they have proposed the following relations 

, _ a b c 

pe = k 2 (Re]_) (Ga) ^ f(Zi») (d^/D) (2.4) 

where k 2 / a. 2 f ^2 ^ constants and f(4i ) is a 

function of A , Dividing Equation (2,4) by (2,3) and 
considering the fact that U was independent of gas 
velocity, they simplified the relation as 


si = 

pe ^1 


( Re^^) 


^ 2-^1 




c 

f(h.) (dp/D) 


(2.5) 


o 

> < _ 

Since they have found, pe / pe^ to be independent of U 

and the effect due to Ga can be incorporated into the 

term ^ , the Equation (2,5) was further simplified a 
D 




' ^ = F(2i )(d /D)^ (2.6) 

pe P 

o 

where __2 has been coupled with F(2i), which is a 

function of A • They have proposed the following 
Correlation based on their experimental data; 



= F(A.)(d /D) 
P 


-0. 304 


(2.7) 
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P(£3.) has been given in a graphical form. 

Koval et al.( 1975a) obtained the residence™ time 

distribution curves for the liquid phase using the 

pulse- input of tracer into the bed through an atomizer. 

The height of the atomizer was varied with the bed 

expansion so that the tracer was uniformly distributed 

over the entire surface of the top layer. The second^ 

third and fourth moments of the experimental residence- 

time distribution curves were calculated. Then the 

peclet number Pe, defined as UH/D. , was estimated from 

L 

each of these moments using the relations proposed by 
Kafarov et al,..(1968). Since the estimated values of Pe 
were found to be in good agreement, they have concluded 
that the liqu. id-phase axial mixing in the mobile bed 
contactor can be represented by the single-parameter 
axial dispersion model, 

■ Koval ot al. (1975b) have determined pe and D_ 
employing the step- response technique also. They have 
reported that the axial dispersion coefficient was 
found to increase with gas and liquid velocities. The 
effects of column diameter, and the size and density of 
the packing particles ware found to be insignificant. 
The variations in D_ and pe with the increase in gas 

Li 
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velocity v/ere found to be intimately connected with 

the corresponding changes in the pressure drop, liquid 

holdup and expanded bed height. It may be pointed out 

that Koval et al, (1975b) used a supporting grid with a 

free opening of 46 % in contrast to Chen and Douglas, 

(1969), who used grid with f = 70 %, But it has been 

seen in the preceding section that the hydrodynamic 

characteristics are greatly dependent on the grid ope-~ 

ning if it is less than 65 %. However, a good agreement 

has been reported by Koval et al.( 1975b) between their 

data for H = 0.30 m and those of Chen and Douglas (1969) 
s 

for H = 0.305 m, particularly at lovr liquid velocities, 

s 

2.3 lijVSS TRANSFER 

Mass-t ransf er studies on mobile bed contactors 
have been reported by several investigators. Some of 
these studies have been reviewed by Shah (1979), A 
summary of the available literature, including the 
details of the contactor, range of variables covered, 
systems employed and the nature of studies conducted 
is given in Table 2.4. The results of these studies are 
briefly discussed here. 



TABLE 2A 

SUMMARY OP MASS TRAHSFER STUDIES OH MOBILE BED CONTACtOB 
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2 • 3 , 1 Overall Mass-transfer Coefficients 

Douglas et al.(1963) and Tomony (1964) have repor- 
ted about the several studies conducted on a relatively 
large mobile bed contactor (0.305 m x 0,305 m square 
cross section and 3.05 m long). The absorption of 
carbon dioxide into an alkaline process liquor, sulfur 
dioxide into aqueous solution of sodiiirn hydroxide, and 
into the magnesium hydroxide slurry were studied. The 
mass-transfer data have been reported in terms of 
volumetric overall gas-phase mass-transfer coefficient. 

Kg based on the static volume of the packing, 

Douglas et al,(1963) have presented a comparative study 
of the performance of a mobile bed contactor and that 
of a coke-packed tower (1,2 m ID and 11,3 m long) for 
the absorption of carbon dioxide into an alkaline process 
liquor. It has been shown that the values of Kg a^^ 
obtained in the mobile bed contactor were 70 times 
higher than the corresponding values in the coke-packed 
tower. Similar other striking observations led to the 
installation of several large scale plants for the pre- 
paration of process liquors in a number of Canadian and 
US pulp mills (Douglas et al., 

Douglas, 1964; Anon., 1964), 


1963; Tomony, 1964; 
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Douglas (1964) determined the height of transfer 

unit, H / and K a , using the absorption of ammonia 
oy y Su 

from air into boric acid solution. He observed that the 
values of v/ere much lower than the corresponding 

reported values for the packed bed absorbers. 


Dianov (1966) has determined K a (based on the 

g p 

surface area of the packing) for the absorption of 

bromine from air into aqueous solution of sodium hydroxide, 

, K a was found to be independent of U, , He has also 
9 p ^ t 

examined the effect of section alizing the column and has 
reported that the three-stage miobile bed contactor was 
found to remove 99 % of bromine as compared to 80-81 % 
in the single-stage contactor. 


Using plastic rings as packings, Levsh et al.( 1968b) 

have determined K ^ (based on the volxome of the expanded 

g B 

bed) for the desorption of oxygen from water. They have 

stated that the values of K a were found to be 2-20 

g B 

times greater than the corresponding values reported for 

"ordinary" absorbers, K a„ was found to decrease with 

g B 

the increase in gas -velocity and the static bed height, 

whereas it decreased v/ith the increase in liquid velocity. 

The large sized rings gave higher values of K a_. They 

g B 

have examined and found that the recovery of oxygen was 
considerably improved by sectionalizing the column. 
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The desorption of oxygen from water was also 
employed by Elenkov and Kosev (1970) but they have re- 
ported their data in terms of overall liquid-phase mass- 

f 

transfer coefficient, , based on the cross-section 

f 

of the bed. They have stated that the value of K^A was 
found to be 1,5 - 2 times greater than the corresponding 

i 

value obtained in som>a "plate" columns. K^A v/as found to 
increase linearly v/ith the increase in .liquid velocity 
at lower values of static bed height and free open area 
of the supporting grid. But for higher values of static 
bed height and free open area of the supporting grid, 

I 

K^A was found to increase first and then to decrease 
with the increase in liquid velocity. This decrease was 
attributed to the 'inhomogeneity' observed in the bed at 
higher values of liquid velocity and static bed height. 

Zhukov et al.(1976) determined the overall liquid- 
phase mass-transfer coefficient, K^A (based on the cross 
section of the column), using the desorption of carbon 

I 

dioxide from water into air. They have computed Kj^A 
assuming complete mixing of the liquid phase and plug 
flow of the gas phase as well as by taking into account 
of the axial mixing of the liquid phase, Eraploying the 
relations proposed by Hartman and Standart (1967) and 
the values of pe reported by Chen and Douglas (1969) and 
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Koval et al,( 1975b), they have estimated the Murphree 

tray efficiency, the number of transfer units and the 

, < 

true* values of K^A They have reported that the values 

I 

of K^A estimated, neglecting the axial mixing, were toe 
high Compared to the corresponding true values. The 
ratio between those two v/as found to vary'' between. 1,5 and 
2.0 in the case of low range of gas velocity 
(Ug= 2,5 - 3.0 m s”^) and between 3 and 5 for Ug> 3 m s 

I 

The true values of K^A were found to increase v/ith the 
increase in gas velocity, liquid velocity and static bed 
height and the increase was sharp for 3 m s” , This 

increase was attributed to the increase in expanded bed 
height and the liquid holdup v/hich also increase the 
interfacial area. K^A was found to be almost independent 
of the diameter and size of the packing and diameter of 
the Column, They have shown that the volumetric overall 

t 

K A 

mass transfer coefficient, 1 was independent of gas 

H 

velocity eind hence, they have concluded that the increase 

I 

in 'true' values of K^A was mainly due to the increase 
in liquid holdup. They have proposed a correlation for 

I 

the true values of K^A . 

A number of studies using different sizes of mobile 
bed contactor have been reported by Strumillo and co- 
workers for the absorption of SO 2 into Mg( 0 H )2 solution. 
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^^2 NaOH solution, fluorine gas into water 

(Strumillo at al,, 1976) and desorption of H 2 S by air 
from 'deposite' water of sulphur mines (Kudra et al,/’ 
1978), It has been stated in general that high values of 
overall mass-transfer coefficients were obtained and 
these experiments confirmed the possibility of conti- 
nuous operation of the mobile bed contactors with the 
liquid containing considerable amount of suspended solid 
particles, it has been reported that based on the above 
investigations two large sized mobile bed columns 
(each of 4.7 m ID and 17 m long) were installed for the 
desorption of H 2 S from 'deposite' water. The absorption 
efficiency of these columns was found to be twice as 
large as that of the packed colximns (with Raschig rings) 
of the same diameter but 45 m long, 

Gal’perin at al. (1968b) have reported results of a 
study on the rectification of ethyl alcohol — water 
mixture (3-5 wt % alcohol) using a three-stage mobile bed 
contactor under total reflux condition. The static bed 
height was kept constant at 50 mm in the lower and the 
upper stages and it was varied from 50 to 150 mm in the 
middle stage. They have determined the Murphree tray 
efficiency of the middle stage. It has been reported 

that for H = 50 mm, the Murphree tray efficiency 

s 
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increased linearly from 90 to 180 % with the increase in 
vapor phase velocity from 1 to 6 m s“^. The efficiency 
v;as also found to increase with the increase in static 
bed height. They have reported that the Murphree tray 
efficiency was 5=6 times that of the tray columns, 

MCMichael et al,(1976) and Wen and Chang (1978) have 
reported that under the sponsorship of the Environmental 
Protection Agency (EPA) of USA, several small-scale and 
large-scale mobile bed contactors and spray columns were 
tested for the efficient removal of sulfur dioxide from 
flue gases, using lime and lisie stone - magnesium oxide 
slurry. It has been already mentioned that Uchida et al. 
(1977) have proposed correlations for pressure drop and 
liquid holdup by analyzing the data obtained by Epstein 
et al.(l975) on these contactors, McMichaol et al.(1976) 
have analyzed the mass-transfer data. They have consi- 
dered the mobile bad to be composed of two sections viz., 
the packed (fluidized) section and the spray section and 
proposed correlations for mass-transfer coefficients for 
both the sections. It has been reported that these 
Correlations were found to predict, within 5 % deviation, 
the SO 2 removal performance of a number of mobile bed 
contactors of widely differing sizes and over a wide 
range of static bed heights. 
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Wen axid Chang (1978) have reported that whan lime 
or lime stone slurry was used, some data indicated that 
the total pressure drop v\as higher than the value 
estimated from the correlations proposed by uchida et al. 
(1977), In addition, they have noted that whenever the 
higher pressure drops were observed, the mass-transfer 
efficiencies were also higher. This increase in pressure 
drop has been attributed to the increase in liquid h. Idup 
which in turn influenced the mass-transfer rates. 
Accordingly, Wen and Chang (1978) have modified the 
correlations proposed by McMichael et al.(1976) to take 
into account the effect of liquid holdup. 


The above investigations indicate that the per- 
formance of the mobile bed contactor is better compared 
to the packed bed and plate columns. In general, it has 
been observed that the overall mass transfer coefficient 
increased with gas velocity and decreased with static 
bed height, but was almost independent of liquid velocity. 
Whenever the bed was sectionalized, an improvement in the 
performance was observed, indicating that the axial 
mixing has a significant effect. However, these investi- 
gations can be used in designing a mobile bed contactor 
only for the specific systems studied and that too 
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v/ithin the limited range of variables covered. To gain 
further insight and to obtain general correlations for 
the design, the individual mass-transfer coefficients 
and interfacial area are needed. The investigations 
aimed at evaluating these parameters have been revievjed 
in the following section. 


2.3,2 Individual Mass-transfer Coefficients and Interfacial 
Area 

Groeneveld (1967), Kosey et al.(1971), Gel'perin 
et al, (1972), Rangwala (1973), Wozniak and jzJstergaard 
(1972, 1973), Kite et al.( 1976a), Wozniak (1977) and 
Strumillo and Kudra (1977) have made attempts to deter- 
mine the individual mass-transfer coefficients and the 
interfacial area using the chemical- absorption method 
(Danckwerts and Sharma, 1966; Danckwerts, 1970; 
Charpentier, 1982), 

Groeneveld (1967) has used the absorption of oxygen 
from air into aqueous solution of sodium sulfite with 
cobaltous sulfate as catalyst. The total interfacial 
area, a^,was determined using the ■ relation; 


A C 


SO- 


V, 


At 







0.5 


( 2 . 8 ) 
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subjected to the condition 


V ^ ^ 


( 2 . 9 ) 


where = volume of sulfite solution, m' 


h C 


SO. 


= change in sulfite concent rat ion, kmol m" 


A t = change in time. 


a^ = total interfacial area, m 

'^2 ~ second-order rate-constant for reaction 

3 - 1-1 

of oxygen, rri kmol s 

Dq = diffusivity of dissolved oxygen in the 

^ 2-1 
solution, m s 


C = concentration of dissolved oxygen in equi- i 

librium with gas at the interface, kmol m 
k^ = liquid-film mass-transfer coefficient, m s”^ 
Groeneveld has reported that the value of a^ was found 

to increase with the increase in gas and liquid velocities, 

/■ 

but to decrease marginally with the increase in static bed 
height. A sharp increase in the interfacial area has been 
reported in the higher range of gas and liquid velocities 
when the particles congregated below the upper grid. This 
increase in a^ has been attributed to the change in the 
liquid holdup which was also found to exhibit a similar 


trend 
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All the other earlier mentioned investigators have 
used the absorption of carbon dioxide from air into 
aq7aeous solution of sodium hydroxide. They have employed 
2 to 5 volume percent of carbon dioxide and upto 3 n 
solution of sodium hydroxide. 


Gel'perin et al.(1972) have assumed that the liquid 
and gas-phase mass-transfer coefficients and res- 
pectively Could be neglected. In view of this, they 


determined the interfacial area per unit cross-section 
of the mobile bed column, A , using the relation; 


A = 




"b °C02 


( 2 , 10 ) 


They have considered the contactor to be composed of 
tv7o sections viz., the fluidized section and the spray 

i 

section, and represented A as 

a’ = A^ + Ag (2.11) 


where a^^ and A are the interfacial areas for the flui- 
f s 

dized and spray section^, respectively. The interfacial 
area for the spray section was determined by varying its 
height under the same operating conditions. They have 
proposed the following correlations; 
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Ag = 1.3 X 10= X U (Hp-H) 


( 2 . 12 ) 


and 


Af 


1.635 X lO-" X f 
■V-SS U°-2® 


10-^ X H 


(2.13) 


where is the interfacial area per unit cross-section 
of the Column when operated without the packing particle 
and is given by 



58.73 U 


0.44 

1 


( Ug/# ) 


0,92 


(2.14) 


I 

The values of A estimated using the above corre- 
lations were found to be in agreement with the observed 
values within the error limit of + 15 %. They have also 
determined the interfacial area for the absorption of 
carbon dioxide into aqueous solutions of KOH, LiOH and 

I 

monoethanolamine, and found that the value of A was 
in agreement vrith the above correlations. In another 
investigation Gel’perin et al,( 1970) determined the 
interfacial area in a three stage mobile bed contactor , . 
of 0,2 m ID, using the absorption of carbon diokide from 
synthesis gas (Co^ 10 % tiy volume) into tlie aqueous 
solutions of monoethanolamine. The values of A for the 
large size contactor ..war'^ found to be about 30 % lower 
than those compute^ 'from the above correlations. The 
deviation ha^ loeen attributed to the end-and wall-ef facts j 
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the higher concentration of carbon dioxide in the gas 
phase, the monoethanol amine in the liquid phase and the 
errors due to the extrapolation of physico-chemical data 
for the elevated temperatures ('^40°C). 

VTozniak and iZJstergaard (1972, 1973), Kito et al. 
(1976a) and Wozniak (1977) have also assumed the liquid- 
phase mass-transfer coefficient, k^, to be negligible, but 
they have considered the gas-phase resistance. For the 
determination of the interfacial area and the gas-phase 
mass-transfer coefficient, they have employed the relaticris 


CO- 


(R a , ) K a ^ 
St g St 


^g ^st 


"st ^002^^2 


0.5 


(2.15) 


Wozniak and jzJstergaard (1972, 1973) employed a 

static bed height of 0,22 m and a gas velocity of 0,7 m s~ 

and varied the liquid velocity in the range from 0.02 to 

0.07 m s”^. They have reported that the interfacial area 

per unit volume of the static bed, was found to 

increase with the liquid velocity. It has been stated 

that the values of interfacial area expressed as per 

unit volume of the total column were in the same order o£ 

2 -3 

magnitude (1.2- 3.0 cm cm )as observed in bubble 


Columns and were little lower than the values obtained 
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for turbine, paddle and propeller agitators, was 

found to decrease with the increase in liquid velocity, 

— 3 

Its value was in the range of 1 x 10 to, 4 x 10 
“1 —1 

kmcl kN ks , In viev/ of the low values of k , the 

g 

authors have concluded that the mobile bed contactor 
may not be suitable for gas-phase resistance controlled 
absorption. 


Wozniak (1977) has reported that the value of a , 

S'C 

(measured on a two-stage mobile bed contactor) was found 
to increase with the increase in both gas and liquid 
velocities. They have proposed the follox-^ing correlation 
for the interfacial area in terms of dimensionless groups 

consisting of A P/ Cg and H; 

[p “] 0.8022 

The data for k a has not bean reported, but it has been 

g 

pointed out that if the mass-transfer resistance in the 
gas phase is ignored it would lead to an error of 15 to 
20 % in the value of interfacial area. 




Kito et al.( 1976a) kept the liquid flow as 'staqn^t"*" 
(i.e., no liquid flovj) in the mobileu-feedT^nd the gas v;as 
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passed through the bed of particles and the liquid held 
in the bed. They have reported that at higher gas 
velocities, the magnitude of (k a. ) (where a_ = 

g Jj Ij 

interfacial area per unit liquid volume) v/ere of the 
same order as those obtained by Kosev et al.(1977), but 
smaller than those obtained by Wozniak and iz^stergaard 


(1972, 1973). k a was found to decrease with the incre-- 
9 b 

ase in gas velocity for Ug>2 m s”^. This is in agreement 
with the observation of Levsh et al.(196Sb), The value 


of a was found to increase V7ith the increase in gas 
B 

1 

velocity upto U = 2 m s and then to decrease, 
a^ was found to be independent of the free open area of 
the grid, the static bed height, the column diameter and 


the size and density of the packing particles. However, 


it is not clear from this study whether the liquid 
holdup would be the same both under the liquid-stagnant 
Condition and the liquid flow condition. 


Strumillo and Kudra (1977) have emphasized that 
k^ should not be neglected in the mobile bed contactors. 
Using the absorption of pure carbon dioxide into sodium 
hydroxide solution, they have shown that the gas-film 
resistance was less than 3 % of the total mass-transfer 
resistance. They have determined the interfacial area. 
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A f and the surface renewal rate, s, using the Danckv/erts' 
plot /Which is based on the relation: 


( ra '/ c * o ^>2 = ° C 02<’^2 = 0 H -^ = > 

I 

They have reported that the value of A was found to 
increase vrith the increase in liquid velocity but to 

decrease with the increase in size of the packing 

1 

particles, A exhibited a maxima with the gas velocity 

I 

and the static bed height. The decrease in A v/ith the 
gas velocity (U ^ 3 m s”"^) and the static bed height 
0.12 m) has been attributed to the inhomogeneity 
in the bed occured at, higher gas velocities and static 

i 

bed heights. The follov;ing correlation for A has been 


proposed s 


= 16.25 U 


0.92 0.34 j^O.83 ^“0.94 

g 1 s , p 


(2.18) 


for U 3 m s”"' and H <.0.12 m. 
g s ■ 

The data for surface renewal rate has not been 
reported but it has been indicated that the surface 
renewal rate was comparable with the pseudo-first order 
chemical reaction rate-constant k^(= 'k .2 
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CMPTER 3 

EXPERIMFRTTAL set-up Am MEASIIRSICBNT TECHNIQUES 

In this chapter, the details of the experimental set-up 
and measurement techniques employed for the studies on hydro- ■ 
dynamics, axial mixing and mass transfer in motile ted 
contactor have teen presented. 

3.1 EXPERIMEimi SET-UP 

It consisted of a motile ted contactor, a tlo-wer 
and a liquid feed pump, tracer injection and monitoring 
systems, sampling and recording devices, A schematic 
diagram of the experimental set-up is shoA^/n in Figure 3.1. 

3.1.1 Motile Bed Contactor 

The mobile ted contactor was designed to carry out 
studies on hydrodynamics, axial mixing and mass-transfer. 
The main test section (S) was a, 0,15 m ID and 1.1 m long, 
cylindrical glass column. The bottom section (P) was a, 

0.3 m ID and 1 .0 m long, mild steel cylindrical section. 

It was provided with a gas inlet, a liquid outlet, a 
liquid level indicator, a gas-liquid disengager (G), a 
conductivity cell (H) and a pressure tap. A corrugated 
conical baffle was used to facilitate smooth disengaging 
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Schematic diagram of the experimental set-up. 
(Legend on page 45) 
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of gas and liquid •without splashing. A stainless steel 
wire mesh with square openings (each of dimension 
0.0055 X 0.0055 m) was used as the bottom supporting 
grid (l). The free open area of the grid was found to be 
70 % and its characteristic factor, (f ^ ) to be 0.028. 
The top section (l) was a 0.3 m ID and 0.25 m long 
perspex column. The upper portion of this was packed with 
0.05 m thick layers of fine stainless steel wire meshes 
to serve as entrainment separator. An upper grid and a 
liquid distributor (K) with provision for tracer injec- 
tion were fitted in the- top section. 

A sketch of the liquid distributor is shown in 
Figure 3.2. It was a 0.05 m ID and O.04 m long teflon 
cylindrical section having six "I” - shaped plastic 
nozzles, each of O.OO5 m ID. In order to avoid the dis- 
persion of the liquid before it reaches the upper surface 
of the expanded bed, a rod-like flow of liquid throu^ 
the nozzles was ensured by attaching O.OO5 m ID and 
0.03 m long plastic tubes to these nozzles, Trior to 
fixing the distributor in the set-up, uniform liquid flow 
distribution through each of these nozzles was ensured by 
proper adjustment of the projection of the nozzles into 
the cylindrical section. The flow distribution pattern 
for different liquid flow rates is given in Table 3.'!. 



(»— 2-5— ♦} 




Top view 

(Qli dimensions in cm) 


4T 


Fig. 3-2 -Sketch of the liquid distributor. 
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TABLE 3.1 

LIQUID PLOW DISTRIBUTION PATTERF THROUGH NOZZLES OE DISTRIBUTOR 


Liq-uid flow 

cc s~”^ 

--j 

Blow through nozzles, cc s 


Net flow 
through 
six nozzles 
-1 

cc s 

1 

2 

3 

4 

5 

6 

80 

13.2 

13.2 

13.2 

14.2 

12.4 

13.2 

79.4 

300 

47.6 

47.6 

47.6 

51 .7 

47.6 

47.6 

289.7 

600 

101 .0 

97.0 

96.5 

104.5 

97.0 

98.5 

594.5 

800 

133.4 

131 .6 

133.4 

131 .6 

133.0 

131 .6 

794.6 
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Air was supplied to the mobile bed contactor by a 
tv/ in lobe water cooled blov/er (Q) (18 kW; SLM-MANEKLAL 
Industries Ltd., Type RP-40). The flaw rate of air was 
measured using an orifice meter (P). It was a 0.025 m 
diameter, sharp-edged orifice made of stainless steel and 
located in a 0.8 m ID pipe. This orifice meter was 
designed as per the specifications recommended in 
Chemical Engineers ^Handbook (perry and Chilton, 1973), 

The pressure drop accross the orifice was measured using 
a manometer vrith carbon tetrachloride as the manometric 
fluid, and at very high gas flow rates v/ith -mercury as 
the fluid. 

centrifugal pump (B) was used to circulate the 
liquid and its flow rate was measured by means of two 
calibrated rotameters (C), 

The pressure drop across the mobile bed was measured 
by means of an inclined manometer (D) with water as the 
manometric fluid, 

3,1.2 Tracer Injection System 

For the injection of tracer, a 1.5 mm ID teflon 
Capillary tube was connected to the liquid inlet just 
above the distributor as shown in Figure 3.1. The tracer 
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injection system consisted of an air-compressor (O), 
a stainless steel reservoir (N) for tracer and a 
solenoid valve (M) coupled with a microswitch (U). 

3.1.3 Tracer Monitoring System 

The tracer monitoring system consisted of an 
electrical conductivity cell (H), a conductivity meter 
(B) (SYSTRONICS, DRCM; type-303), an automatic data 
acquisition system (S) (HEVi/TETT PAGKlRD,Model 3052A) 
and a desktop computer (T) (HBWIETT PACKARD, Model 3Q2^) . 

The electrical conductivity cell (H) was located in 
the mohile bed contactor about 0.03 m below the center 
of the bottom grid and was mounted on the corrugated 
conical baffle, h drawing of the conductivity cell is 
given in Pigure 3.3. Its construction was similar to the 
one used by Dunn et al.(l977) for the axial dispersion 
studies on a packed bed column. The funnel-shaped top 
portion of the cell collected the liquid sample and 
drained it to the lower portion of 1 cm ID and 1 cm long 
cylindrical bore in which two platinum foils (each of 
0.01 X 0.01 m square cross-section) were embeded on the 
wall opposite to each other. After passing through the 
space in between the platinum foils, the liquid left the 



SI 



(all dimensions in cm) 
Materiel -Teflon 


I 


Fig.3.3 -Cross-sectional drawing of the conductivity cell. 
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cell through the side port located just above the bore. 
The two platinum foils (working as electrodes) were 
connected to the input terminals of the conductivity 
meter. The output from the conductivity meter was fed to 
the data acquisition system, 

3.1.4 Modification for Mass Transfer Studies 

Por mass transfer studies, both the gas (CO 2 + air 
mixture) and the liquid (NaOH solution) streams were 
recycled in order to minimise the consumption of the 
reagents. The recycling of the gas also ensured that the 
air entering the mobile bed was saturated with water 
vapor, which otherwise would have interfered with the 
absorption of CO^ into the solution. Similar rec 3 rcling of 
the gas and the liquid streams has been employed by 
Porter et al.(l966) and Pohorecki (1975,1976). Carbon 
dioxide was fed from a CO 2 gas C 5 ;-Iinder (7) to the mixing 
tank (X) located in the gas loop where it was mixed with 
the recirculating gas. The feed rate of carbon dioxide 
was measured using a iCaliiorated. rotameter (¥). 

The C02-gas regulator and the cylinder valve were 
heated using a heating tape to ensure free flow of carbon 
dioxide which otherwise was found to stop due to the 
solidification of carbon dioxide in the regulator. 
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During a mass-transfer run the complete mixing of 
NaOH solution in the storage tank (A) vms ensured by 
having a stirrer. In addition to this the bypass from the 
pump was fed uniformly into the tank using a 2 m long 
perforated polyethylene tube immiersed into NaOH solution. 
In order to prevent the absorption of CO 2 from the atmos- 
pheric air by NaOH solution, a blanket of nitrogen was 
provided by introducing the gas just above the solution 
throughout the run. 

The liquid samples were drawn from the bottom section 
just below the grid. The gas samples v/ere drawn from the 
high pressure point of the orifice meter. These sampling 
points SL and SG, are shovm in Figure 3,1. Temperatures 
of liquid and gas streams at inlet and outlet points 
(T1/T2,T3 and T4 as shown in Figure 3.1) v/are measured 
with a multi-point temperature indicator (ALNOR,Type 
1200-8) with an ac'curccy of + 0.5'‘C. 

3.2 PACKING PARTICLES 

Hollow spherical and irregular shaped polyethylene 
particles and tapered cork particles were used for the 
hydrodynamic and axial mixing studies. Sketches of 
irregular and cork particles are shown in Figure 3,4, The 




Irregular particle Cork particle 
(all dimensions In cm) 


Fig.3.4 - Sketches ct o Irregular and a cork particle. 
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irregular shaped particles ware made from spherical 
particles (0.038 m diameter; 53 kg in the 

following manner, A pinhole was rrade in the particle and 
then it was squeezed from the four sides as shoxvn in 
Figure 3,4. After getting the desired shape , the pinhole 
was closed with "aralditc", an epoxy resin. 

To check whether tho cork particles were getting 
soaked with water during a run, the difference in v/eights, 
before and after soaking the cork particles in water for 
48 hours, was measured. It was found that the difference 
was negligible. A preliminary test was also performed to 
detect any adsorption of the dilute NaCl-solution on to 
the surface of the cork particles. For this purpose, some 
dry cork particles were placed in a beaker and were 
Covered with 0,2 N solution of sodium chloride. The 
particles were allov;ed to soak with the solution for 
48 hours, and then any change in the concentration of the 
NaCl solution was measured and was found to be negligible. 

For the mass transfer studies, tv7o types of spherical 
particles of same size but of densities 5 3 and 148 kg m , 
respectively were used. The irregular particles could not 
be used as it was observed in the preliminary runs that 
the particles got filled with the Inquid because the 
araldite used to fill the pinhole came off due to the 
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action of hot sodium hydroxide solution. The cork 
particles also could not be used because they reacted 
with sodium hydroxide solution. The characteristics of 
the particles used in different studies are given in 
Table 3.2. 

3.3 SXPBRIMEt-n'AL PROCEDURE 
3.3.1 Tracer Monitoring Technique 

The emf vs concentration of NaCl in tap water v/as 
determined at 25 °C, 30°C and 35 °C. It was found that the 
plots of emf vs concentration vrere linear. A typical 
plot is shown in Figure 3.5, The linear relationship was 

Q 

used in computing the normalised concentration ^ 

o 

directly from the emf measured v/ith the data acquisition 
system. 

The suitability of pulse-and step- input of tracer 
injection v;as examined in a number of preliminary runs, 

' In the case of pulse- input, the errors v/ere found to be 
large since the residence time of the liquid phase in 
the bed was only 2 to 7 s. Hence the step- response 
technique was selected. Nearly saturated NaCl solution 
was used as tracer. Its flow rate was less than 2 % of 
the liquid flow rata through the bed. Depending upon 
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A typical plot of concentration of NaCI in tap water versus emf 
recorded by data acquisition system. 
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TABLE 3.2 


CHARACTERISTICS OF PARTICLES 


ha ract e r i st ic s 

For hydrodynamic and 
mixing studies 

axial 

For mass 
studies 

transfer 

Particle 

Spherical 

Irregular 

Cork 

Spherical 

Spherical 

d 

P 

0.038 

0.0312 

0.0237 

0.038 

0.038 

4s 

1 

0.675 

0.822 

1 

1 

Pp 

53 

112 

183 

53 

148 

€sp 

0.475 

0.470 

0.480 

0.475 

0.475 

IXP 

40 

66 

175 

40 

40 
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thG average resiclence time^ the sampling rata of the 
concent reit ion was adjusted between 14 to 20 readings per 
second. It may be recalled that the step- response tech>= 
nique has been used also by Chen and Douglas ( 1969 ) and 
Koval et al. (1975b). 

^ ^ ^ P^'^^^itiation of Delay Time of Tracer Injection 

Ideally the tracer should be injected just above 
the top layer of the mobile bed and its detection just at 
the supporting grid, it was not possible physically to 
follow such a procedure due to the fluctuations in the 
bed height. Hence, the delay time, caused by the end 
effects resulting due to the fixed positions of the tracer 
injection, was accounted in the following manner. The 
average residence time of the liquid phase vias determined 
for the empty column with supporting grid for three 
different spacings betv/een the distributor and the grid 
viz, 0.3, 0.7 and 1,1 m and for liquid flovj rates ranging 
fron 0.011 to 0.044 m s”^. Five to eight breakthrough 
curves were obtained for each set of spacing and liquid 
flow rate, A plot of average residence time versus 
spacing with liquid flow rate as a parameter is shown in 
Figure 3.6, The delay time of the liquid phase for a 
given bed expansion was detemined using this figure. In 



Ui, ms* 



Fig.3.6 - Average residence tirnc of the liquid flow with respect to height through 
empty column ( without gas flow). ^ 
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all the runs the breakthrough curves ( ^ vs t ) were 

o 

observed to be nearly vertical lines indicating the plug 
flow behaviour of the liquid phase through the empty 
Column. A similar method for determination of delay time 
has been used by Schiessoi> and Lapidus (1961) for the 
packed beds. 

3.3.3 Bed Expansion^ Pressure Drop and Minim.um Fluidization 
Velocity 

The measurements were made after operating the bed 
for a minimum period of 15 min to allov7 the transients 
to die down. The height of the mobile bed fluctuated 
widely and as a consequence the level in the inclined 
manometer also fluctuated. The movement of the top 
surface of the bed was observed for a period of 5 min 
and the most frequently occuring maximum and minimum v, 
values were recorded. The average of these were taken 
as the expanded bed height. The manometer readings were 
also recorded in a simiilar manner. The minimum fluidi- 
zation velocity was determined by extrapolating the plot, 

H/H vs .U to h/h^ =■ 1. 
s g s 

3.3.4 Breakthrough Curves 

Once the above measurements were made for a given 
static bed height and for different values of gas and 
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liquid velocities,, then based on the visual observations, 
gas velocities were chosen so as to cover evenly the 
range of velocities from minimim .fluidization to congre- 
gation of particles below the upper grid for the determi- 
nation of the breakthrough curves. 

Before injecting the tracer, the emf for the tap 
water was monitored for 30 s. The injection and detec- 
tion of tracer vrere started simulteineously by switching 
on, at a stroke, both the microswitch to activate the 
solenoid valve and the 'RUN-Key' of the computer. The 
measurement was continued till the data-acquisition 
system displayed fairly constant values over a period of 
10 s. A typical experimental breakthrough curve obtained 
for the cork particles is shown in Figure 3.7. The 
processing of the data was immediately performed after 
eliminating the number of initial readings corresponding 
to the delay time for the observed expanded bed height. 

The experimental breakthrough curves could be 
analysed on the basis of the single parameter axial 
dispersion model considering the mobile bed as a closed- 
closed system. This has been discussed in detail in 
section 4.1.1 of Chapter 4, The average residence time, 
liquid holdup, variance, peclet number and axial 
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dispersion coefficient were evaluated using the rela- 
tions given in Table 3.3, Five to ten breakthrough 
Curves vjore obtained for each run depending on the 
fluctuations in the values of average residence time 
and Peclet number. 


Range of Variables Covered in Hydrodynamic and Axial 
Mixing Studies 


System 

Static bed height 
Liquid velocity 
Gas velocity 


Air-v/ater 

0.12, 0.24, 0.36, 0.48 m 
0.011 - 0.044 m s”^ 

0 - 5 m s”^ 


3.3.6 Mass Transfer Measurements 

A known volume of 2 n NaOH solution, prepared using 
distilleti %7ater^was charged into the storage tank. First 
air was circulated through the closed loop. In the beginning, 
the temperature of air rose rapidly above the ambient by 
about 15 ®C, Then the solution was circulated through the bed 
at the desired rate. After a while both solution and air att- 
ained steady state temperatures. At this stage, carbon dioxide 
was fed into the loop till its composition reached to 2 - 4 %. 
Then the feed rate of carbon dioxide was readjusted to a lower 



TABLE 3.3 


RELATIONS EMPLOYED FOR THE EVALUATIQM OF AVERAGE RESIDEZ^JCE 
TIME^ LIQUID HOLDUP. PECLET NUMBER AMD AXIAL DISPERSION 
COEFFICIENT FROM EXPERIMENTAL BREAICTHROUGH CJRVES 


Function 


Relation 


Normalised step- input 

Fs- 

C 

7 ; versus 

t 



0 


response curve/ F 




Normalised pulse-input 

E = 

<3P 

^ for closed-closed system 

response curve / E 


(Levenspiel, 1972) 

First moment, 


^ <0© 



J t E dt 






Average residence time, © 

© = 



Liquid holdup, 

hi= 

© 




OfS>- 

2- 

Second moment, 

rc 

J t E dt 

-A 

Variance, 

tl 



peclet number, pe 

II 

2 2 

pe “ _ 2 
pe 

( l-exp(-pe) ) 

. 

for 

closed-closed system 


(Levenspiel/ 1972) 

fj 

Axial dispersion Pe = — ~ X'v’-here U = H/© 

Lf 

coefficient/ D_ 

Ju 
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value (based on the preliminary runs) and it v/as kept 
Constant throughout the run. The measuremants of gas 
and liquid compositions and temperatures ware made at 
10 min intervals. Thus an experimental run was completed 
in about 2 hours depending upon the final concentration 
of sodium hydroxide in the solution. 

3,3,7 Methods of Analysis 

The liquid samples were analyzed by the double 
titration technique using hydrochloric acid as the rea™ 
gent and phenolphthaloin and methyl orange as indicators 
(Vogel, 1961; Shapiro, 1972), All titrations v/ere carried 
out in carbon dioxide free atmosphere. During sampling, 
storage and titration care was taken to prevent absorp- 
tion of carbon dioxide from atmosphere. 


The gas samples were analyzed using NaOH solution 
with the aid of an Orsat-type analyzer. The details of the 
analyzer and the method of analysis have been given in 
Appendix A, 


3,3.8 Range of Variable Covered in Mass Transfer Studies 


Chemical system 
Static bed height 
Liquid velocity 
Gas velocity 
% CO 2 in gas-phase 
NaOH concentration 
Temperature 


; Air + Co 2 - NaOH solution 
: 0.24 m 

; 0.022,0.033,0.0411 m s""^ 

s 0.5 - 2.75 m s“^ 

; 2 - 6 % 

: 2n 

: 30-45 °C 
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CHAPTER 4 

RESULTS AJ>JD DISCUSSION 

In this chapter, the results of the studies on 
hydrodynamics, axial mixing and mass transfer have been 
presented. 

4*1 HYDRODYNAMICS 

4.1.1 Bed Behaviour-Visual observations 

The transition from static bed to mobile bed was 
observed to be gradual as reported by Balabskov et al. 
(1969a, 1969b) and Tichy et al.(1972). The top surface 
of the mobile bed, though it was not flat, could be 
distinguished clearly. Only in the cases of H /D = 2,4 
and 3.2 and that too at low gas velocities slugging of 
the bed was observed. In other cases smooth fluidizatibn 
characterised by random motion of individual ps'rticles 
was observed. However, the magnitude o:g. fluctuations 
increased gradually as the gas velocity increased. 

During an otherwise normal fluidization it was 
observed that the particles started lining up at the wall. 
Once a single particle layer was set on the grid around 
the wall. Subsequent stacking of the remaining particles 
as one layer over the other took place within a minute. 
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This sort of monolayer stacking of the particles will he, 
hereafter, referred as "congregation at the wall". The 

only other investigators to report the occurence of such 
phenomenon are Tichy et al.(l972). 

This phenomenon was observed with the spherical 

and irregular particles for H /D equal to 1.6, 2.4 and 

s 

3.2. But, in the case of cork particles it was observed 
even for H /I) = 0.78. The maps of the regions, in which 
congregation at the wall was observed, are depicted in 
Bigure 4.1. In the case of spherical particles the 
congregation was seen to form and break off on its own, 
but in the case of irregular and cork particles once 
formed it remained intact. This could be attributed to 
the greater force of adhesion of the particles to the 
wall. This force of adhesion, which arises as a result 
of the interfacial tension, is proportional to the 
circumference of the liquid bridge formed between the 
particles and the wall and it was more in the case of 
irregular particles.' Interestingly enough, the 
formation of congregation was observed even for dry 
irregular and cork particles. It can be seen from 
Bigirre 4.1 that the congregation of dry partricles is 
more pronounced in the case of irregular particles. 
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Since the contact area is more for these particles, 
greater stability of support is provided by one layer 
of particles to the next layer. 

As pxppct^d, the pressure drop and the liquid 
holdup decreased drastically' once the congregation was 
formed as the gas and the liquid passed through the 
particle-free core. '^'-Tienever the congregation took 
place during a run, it was broken by sudden increase in 
liquid flow rate and then the flow rate was reset to the 
previous value. This resulted in apparent smooth fluidi- 
zation though in some cases persistent tendency to form 
congregation in the lower half of the bed was seen. In 
the regions depicted in Figure 4.1, several breakthrough 
curves could be taken before the congregation took place 
again. In the case of cork particles for H /D =2.4 and 
3.2, frequent congregation did not permit the measure- 
ments . 

4.1.2 Liquid Holdup and Pressure I>rop 

As a consequence of the bed height fluctuations 
the measured liquid holdup was found to be fluctuating. 
It may be expected because the average residence time of 
the tracer was about the same magnitude as that of the 
average 'cycle' time of the bed height fluctuations. 
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Hence, for each run 5 to 10 measurements of liquid holdup 
were taken depending an the nature of fluctuations and 
the average values are reported. The percent standard 
deviation of the liquid holdup ranged from 5 to 20 

The plots of measured liquid holdup versus gas 

velocity with liquid velocity as a parameter are given 

in Pigures 4.2 through 4.5- It was observed that h^ 

increased with the increase in Ih and H . It has been 

Is 

found to be independent of U for H /D = 0.78 except in 

g s 

the case of sph‘=rical particles where it increased 

linearly •'With TJ^. Similar trends have been reported also 

by Groeneveld (1967) whose experimental conditions v;ere 

close to those under discussion. Por the other H^/P 

values, h^'was found to be nearly independent of U for 

= 0.011 m s~\ but for U^> 0.011 m s”^ its dependence 

on U did not exhibit a definite trend as can be seen 

g 

from Pigures 4.3 through 4.5. It may be due to the 
inherent tendency of the particles to congregate at the 
wall . 

The total pressure drop was found to be independent 

of U in all the cases. Typical plots are shown in 
g 

Pigure 4.6. 
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It has been generally assumed (for instance Kito 
ct al.^ 1976b) that the liquid holdup in the bed is fully 
supported by the upi^rard flow of gas like in conventional 
fluidized beds, and that it can be evaluated from the 
pressure drop measurement by the relations 




Ap 


(4.1) 


For the sake of comparison of vrith h^, A 

was evaluated in terms of height of v^ater and has been 
denoted by In the case of spherical particles for 

Hg/D = 0.78 and = O.Oli na s“^, the ratio A P^^/h^ was 
found to decrease from 0,9 to 0.22 with an increase in 
gas velocity. An analysis of the data of Groeneveld (1967) 
(under similar conditions) revealed that h^ is about 4 to 
5 times , For other bed conditions, the ratio 

observed to vary between 1.0 and 0,6. The 
ratio tended to 1.0 at high liquid flovj rates and for 
low static bed heights. 


Kito and co-v;orkers (1976c, 1978) have measured and 

r 

proposed correlations for ratio 

APi At computed from these correlations is found to 
IB JL 

vary between 0,97 and 0,7 for different sizes and 
densities of particles and for H^/d = 1. It may be 
recalled that Vukovic et al. (1974), who have reported 
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the experimental data on the pressure drop and the liquid 
holdup in a three-phase spouted hed, have observed that 
only a part of the liquid holdup is "supported" by 
upward flow of the gas. They analysed also the data of 
Chen and Douglas (’1968) and showed that the ratio is 
between 0.85 end 0.95 even for the mobile bed. 

From the above discussion it is clear that only a 
part of the liauid held in the bed is supported by upward 
flow of the gas while the rest is under free fall. 

4.1.3 Correlations for h^ and 


The liquid holdup correlation proposed by Kito et al . 
(1978) appears to be general as it covers a wide range of 
variables and could fit the data of several other investi- 
gators. The functional form of this correlation was adapted 
to correlate the data of h^ and To make an account 

for the shape of the particles, d was replaced by d 4^ 

p P s 

in the Kito -Tab ei-Murata correlation. The correlations 
for the data of h^ and shown in Figures 4.7 and 

4.8. It may be pointed out that each point in Figure 4.7 
is an average of the values measured at different gas 
velocities at a constant value of IT^. It can be seen from 
this figure that the data of h^ fell above the line 
representing Kito et al. correlation. Interestingly enough. 




correlation. 




. Fig. 4-8- Comparison of data of APJe with Kito-Tabei - Murata 
correlation. 














81 


the correlation gave a good fit to the data of 
(see Figure 4.8). fhe modified Kito-Tahei-Murata corre- 
lations for h^ and A are given helow^ 

hf/Hg = 0.086 + 11 (Hg/dp)"°*^(fd/F)“°*5®(Ga)°‘°^ X 

(Fr)^’^^ (Pe)“°*^'^(¥e)~°*^^ (4.2) 

^^IB ''2*8 fHg/<3p)”°*'^(fd/l))"°-5®(Ga)°-°^ x 

(Fr)J*^8 (Ke)-0.34 (wg)"®*^''- (4-3) 

4.1.4 Bed Expansion 

The ratio H/H was found to he independent of H . 

s s 

It varied linear] v with gas velocity. Typical plots of 
H/H versus IT„ are shown in Figure 4.9. Also included in 
this figure are the estimates of H/H computi^d from the 

o 

correlations proposed hy Tichy and Douglas (1972) and 
Kito et al.(l978). It can h'^ seen that the difference 
between the pstimated and the observed values increased 
considerably with the increase in gas velocity. A similar 
trend was observed for all other bed conditions. Except 
for the shape, the cork particles had characteristics 
similar to the particles used by Tichy and Douglas (1972). 
Hence, the difference in the bed expansion may be attri- 
buted to the shape of the particles. The expansion of the 
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of H /He with other correlations. 








83 


bed of cork particles showed a nat'ure different from the 
other two, hence two separate empirical correlations are 
proposed. They are: 


H/H^ = 2-152 + 1.02 a-'-T /-I .2 „0.2 ^ 


P 1 P P 

for the spherical and irregular particles and, 
H/H = -1.07 + 45 U. + 1 .545 U 

° -I- g , 


(4.5) 


for the cork particles. 


4.1.5 Minimum Pluid ization Telocity 


The transition from the static hed to the mobile bed 

was gradual and the transition zone had a spread over a 

considerable range of gas velocity. This range increased 

with an increase in H and decreased with an increase in 

s 

liquid velocity. The minimum fluidization velocity was 
determined by H/Hg vs 11^ plots as stated earlier. Hence, 
the correlations given in Equations (4.4) and (4.5) can 
be used to estim,ate by substituting H/H^ equal to 1 . 

The observed values of were compared with the values 
calculated from Equations (4.4) and (4.5) as well as from 
the correlation proposed by Kito et al.(l976b) in Eigure 


4 . 10 . 



U|Y^f calculated , ms' 



Fig. 4-10- Comparison of the observed values of with those 
colculated trom Equations (4-4) and (4-5) and other 
correlation. 
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4 . 2 AXIAL MIXING 

4-2.1 Interpretation of Breakthrough Curves 

The studies, in v/hich the motion of the fluid 
particles of the flowing phase could he considered 
sufficiently rardom, indicate that the axial mixing 
characteristics of the phase may he adequately des- 
cribed hy the singl e -parameter axial dispersion model 
(Shah et al . 1978; Shah, 1979). '^his m.odel assumes uni- 
form radial concentration in the phase and characterises 
the axial mixing hy a single parameter namely axial 
dispersion coefficient, I)^. It may he recalled that 
Chen and Douglas ( 1969 ) and Foval et al.(l975a,1975h) 
have also adopted this model in order to describe the 
axial mixing of the liquid phase in the mobile bed 
contactor. To check the apnlicahility of this model, 
the breakthrough curves obtained in the present study 
were analyzed as described below. 

Since the breakthrough curves obtained for the 
liquid flow through the empty column indicated a plug 
flow behaviour of liquid phase, it was assumed that the 
liquid phase is in plug flow before and after the 
mobile bed section. Thus the mobile bed was considered 
as a closed -closed system (van deer Laan, 1958; 
Levenspiel, 1972). 
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• V/hen step input of a tracer is imposed on the. 
liquid stream entering the tracer-free mobile bed, the 
concentration of tracer in the bed can be described by 
the one-dimensional axial dispersion equation and initial 
and boundary conditions: • 




= 

- 2 . 



(4.6) 


'c’t 

1 

^x2 ■ 




I.C. ; C 

i = 0 

at t 

= 0 and 0<x<H 


(4.7) 

B.C. at 

inlet : 

Tjc - 

B ^ 

■^I 2^x 

= lie for all 
0 

t >0 

and 




X = 

0 

(4.8) 

B.C. at 

outlet 

; - 

^'I^X 

= 0 for all t 

>0 and 




X = 

H 

(4.9) 

■wh ere 







C 

= C(x, 

t) = 

tracer 

concentration 

• 



C = tracer concentration in the inlet liquid stream- 
o ' 

t = time from the commencem-ent of the displacement, 
X = distance from the point of the introduction of 
the displacing fluid. 

U = average interstitial velocity of the fluid. 

axial dispersion coefficient. 

Ij 

H = expanded height of the mobile bed. 
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The set of Equations ( 4 . 6 ) through (4.9) can he 


cast 

in 

d imens 

ionles 

s forms 

as 



^C* 

1 


3 c* 






Pe 

_ 

}j2 

sx 




( 4 . 10 ) 

I.C. 

: ( 

:* = 1 

at T = 

0 and 

0 <I 

1 

( 4 . 11 ) 

B.C, 

at 

inlet ; 

Pe C* 

“ 

= 0 

for al 1 T >0 and 








X = 0 

( 4 . 12 ) 

B.C. 

at 

outlet 


0 for 

all 

T>0 and X = 1 

( 4 . 13 ) 


where 

C* = d'd.T) = 1 - ^ 

Pe = Peclet number = ^ 

y X 

A - H 
T _ i 

“ e 

and 0 = average residence time of the liquid phase. 

The solution of Equation ( 4 .IO) for initial and 
boundary conditions, given by Fauations ( 4 .II) through 
( 4 . 13 ), has been given by Yagi and Miyauchi ( 1953) and 
Brenner (1^62). The theoretical breakthrough curve 

( — versus t/0 ) can be expressed as 
^0 
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o/x=H 


1 - C (1 ,t) = 1 - exp (2P-PT) X 
oo 


\ sin(2;\^) 




k = 1 


^2 2 
^k‘^+ + P 


(exp - 


Ale 


2 T 


(4.14) 


where P = Pe/4 and;^^ (k = 1,2 ) are the positive 

roots (in increesing order) of the transcendental 
equation 


tan 2 X = 


2 Ale P 




(4.15) 


k"-P" 

from which the trivial root Xq excluded 

(Carslaw and Jaeger, 1959). The numerical values of 
these roots at various values of P can he obtained by 
the relations 

'^2n-1 ~ 


and 


A 


2n 


(4 .16 ) 


for n =1,2,3 

where and Y' are the positive roots(in increasing 


n ' 'n 

order) of the transcendental ' equations 


tan ^ 
n n 


P = 0 


(4.17) 


and cot Y + ^ ° 


(4-18) 
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Using Equations f 4 .1 7) , (4 .18 ) and (4.14) the 
theoretical brpakthrough curves were computed for the 
Peclet numbers evaluated from the second iD.oments of the 
experimental brealrthrough curves (as described in section 
3.3.4). First 12 terms of the series solution given by 
Equation ( 4 . 14) were found sufficient for convergence. 

For a number of randomly selected runs at various 
gas and liquid velocities and static bed heights, the 
agreement between the theoretical and experimental break- 
through curves was found to be good. Pour typical plots 
are shown in Figures 4.11 through 4.14. The good agree- 
ment between theoretical and experimental breakthrough 
curves justifies the validity of the single -parameter 
axial dispersion model to describe the axial mixing of 
the liquid phase in the mobile bed contactor. 

4 . 2.2 Peclet Number of the Liquid Phase 

As described -in section 3.3.4, 5-10 breakthrough 
curves were obtained for eech run depending upon the 
nature of fluctuations in Peclet numbers. The Peclet 
num.bers were found to be deviating considerably at low 
gas velocities particularly when the mobile bed exhibited 
a slugging nature. But the deviations were very small at 
higher gas velooities because of the smooth fluidization 
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Fig . 4 . 14 Comparison of an experimental tx-eakthrou^ 
curve with the theoretical curve in the case 
of congregation of irregular particles at 
the wall. 
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at these velocities, two tycical sets of Peclet numbers 
for lo'v^’ and high gas velocities are given in Table 4-1- 
The kinks observed in the breakthrough curves (see 
Figures 4.11 through 4.14) can be attributed to 1he 
slugging nature of the bed. It may be pointed out that 
even for packed bed the Peclet numbers, reported by Punn 
et al.(l977) for the liquid phase, show a 20 to 50 % 
deviation. The average Peclet number evaluated from the 
breakthrough curves obtained for a given run have been 
reported here and it has been referred simply as Peclet 
number . 


The plots of Peclet number versus gas velocity with 

liquid velocity as a param.eter are given in Figures 4«15 

through 4.19 for all the three sizes of packing and 

different static bed heights. It can be seen from 

Figures 4.15 and 4-.. 16 that for low static bed heights 

(H /P = 0.78 and 1.6) the Peclet number was found to 
s 

decrease with the increase in liquid velocity whereas it 
remained independent of gas velocity. This trend, is 
consistent with the observations of Chen and Pouglas 
(1969) and Foval et al.( 1975b). Also Peclet numbers for 
lower static bed heights were of the sam.e magnitude as 
those reported by these investigators. 



95 


TABLE 4 .1 


TWO TYPICAL 

^ SETS OF PECLET ITUMBEPS AT TOW HIGH 

YELOCITIES 

BT THE CASE OP SPHTPTCAL 

PARTICLES 

= 0.011 

m s”"* ; H^/D =3.2 



Averagp residencp 

Peclet 

-1 

m s 

time, s 

numter 

1 .00 

3.95 

16.01 


4 .48 

13.56 


5.57 

11 .20 


3.60 

13.62 


3.66 

10.50 


4.05 

18.95 


3.22 

14.94 


5.70 

11 .70 


4-17 

15.52 


4,00 

15.00 

1 .79 

5.96 

10.81 


5.97 

10.99 


5.86 

10-81 


5.92 

10.52 


4.54 

11 .65 


3.96 

10.72 
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It can Tdp span from Piffuras 4.17 and 4.19 that for 

higher static bed heights I'H /D = 2.4 and 3.2) the Peclet 

s 

number decreased with the incraas^^ in gas and liquid 
velocities. It may be point'='d out that with the incr^^ase 
in gas velocity the incroasp in 1)^^^ is such that it has 
more than offset the increase in and as a result the 
Peclet number decreased. But the values of Pe at higher 
static beds were much higher than those obtained at lower 
static bed heights. Therefore, a near plug flow of liquid 
phase could be achieved with higher static bed heights. 

Due to frequent congregation of irregular particles 
at the wall, reliable measuremi^nts over the entire range 
of gas velocities could not be obtained for H /D = 3-2. 
However, the data points obtained for som.e gas velocities 
were found to be in conformity with the above mentioned 
trend (see Pigure 4.19). The data points, which are far 
above the rest are the Peclet numbers when congregation 
occured . In such a situation m.ost of the liquid passed 
through the particle-free core resulting in a nearly plug 
flow of the liquid phase. 

Pue to frequent congregation of cork particles, 
the breakthrough curves could not be obtained for 
H^/P = 2 .4 and 3.2. 
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‘^•2*3 Axial T^lspersion Coefficient 

The axial dispersion coefficient was evaluated from 
the data of the average Peclet number and using the rela- 

ljp-2 

tion = ^ . plots of axial dispersion coefficient 

versus gas vel ocity with liquid velocity as a parameter 

are shown in Piyure 4.20 through 4.22 for all the three 

sizes of packing particles and different static bed 

heights. It can bo se'^n from thesp figures that 

increaspd with the increase in both the gas and liquid 

velocity, but the pffect of static bed height on was 

marginal. The effect of shape of the particles on 

was examined. Prom the plots of 1)-. versus TJ (see 

-Li S , 

p oC 

Figure 4. 20) it is found that Py iX. U * for the spherical 

U g 

particles. Chen and Pouglas (1969) and Koval et al.( 1976b) 
have used spherical particles of different densities and 
sizes, and their data also yielded the same relation 

A "1 "f* OT* P 

(see Figure 4.23). But it is found that DjC<U * 
irregular particles (see Figure 4.21 ) and for 

the cork particles (sep Figure 4.22). The marginal higher 

value of the exponent may be attributed to the shape of 

the particles. However, the plots of versus U indicated 

that for all the three particles . Therefore it 

appears that depends on liquid holdup which is of course 

inturn affected by the shape of the particles. In the 




R9‘^*20 Di v«r»us Ug for the sph«rical particles- 
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Fig. 4. 21 Dr versus Ug for the irregular particles. 
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Fig. 4. 22 versus Ug for the cork particles. 
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correlations presented below the equivalent diameter 
( has been employed to account the shape of the 

particles. 


4,2,4 Correlations for Pe and Ei 


The Peclet number and the axial dispersion co- 
efficient can be expected to be functions of operating 
parameters U^(or u)/ U^, ^ properties of 

gas and liquid. Using the exponent multiple regression 
analysis tecimique several functional forms of corre- 
lations consisting of appropriate dimensionless groups 
formed by taking different combinations of the above 
variables v/ere tested, and the following correlations 
were found to fit the 90 % of the dvota v/ithin a deviation 
of + 35 % : 




-0.165 


X 


g... 


(H< 


/d /q^I.464 (4/19) 


PO = 10^*^^ (Re)' 


s p 
. 0 . 59 ._^ 0.2 


(H 


— O 007 
(Re)^-" (Ga) X 

y 


G 95 / % 1 • 562 

/d (d /D)^* 

s p p 


and 

= 10"^^'®^ (Re)];*®^ (Re)®*^'^ (Ga)°*^'^ x 


(H 


s p 


(4.20) 


/d (d /D)-^*® (4.21) 
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The observed and calculated values of pe and 

L 

were cc'jmpared and are shoim in Figures 4.24 through 
4.26. The data of Chen and Douglas (1969) and Koval et 
al.( 1975b) were compared with the calculated values 
using Equation (4.19) (see Figure 4,27). it can be seen 
from this figure that the data of Chen and Douglas (1969) 
are in good agreement with the Equation (4.19) espe- 
cially at gas valccities fax' above the minimum flui- 
dization velocity, it may be pointed out that Chen and 
Douglas have covered relatively a narr^^w range of the 
expanded bed height (h/H„= 1 - 1.5) whereas in the 
present study, a much V7ider range of bed e:<pansion was 
covered and the lowest h/h^ was above 1.5. The data of 
Koval et al. (1975b) fell below the line representing 
Equation (4.19). It may be noted that Koval et al. 
employed a grid only of 46% free openning (in contrast 
to f = 70 % used in the present study and by Chen and 
Douglas). As has been discussed in section 2. 1.1, that 
the free openning of the bottom grid has a strong 
influence on the liquid holdup which increases v/ith the 
decrease in f. Hence lov/er values of po observed by 
Koval et al, are perhaps due to lower grid opening. 



Pc ^observed 



Pc , calculated 

Fig .4. 2 A Comparison of observed values of. Pe with the values 
estimated using Equation (4.19) 




observed 
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Fig *4.26 Comparison of observed values of 0^ with the values estimated 
using Equation (4.21) . 
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Fig. 4. 2 7 Comparison of observed values of Pe. with the values 
estimated using Equation (4.19) for the data of Chen 
and Douglas (1969) and Koval ct al. (1975 b) • 
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4 . 3 MASS TRANSFER 

4.3,1 variations o£ Compositions and Temperatures of Gas and 
Liquid Streams During a Run 


As mentioned in section 3,3.6, when temperatures 
of both the circulating gas and liquid streams became 
steady CO 2 was fed to the closed- loop. After allowing 
10 min. for the initial transients to die down, the 
measurements of temperatures and compositions were 
started. It was observed that the concentration of NaOH 
solution decreased linearly vrhereas the composition of 
Co 2 in the gas stream increased in all the runs. It was 
observed that the temperatures of the inlet and outlet 
liquid streams were equal. The temperature of the inlet 
gas stream was higher than that of the outlet because 
as the gas passed through the blov;er it got heated up. 
The temperature difference between the inlet and outlet 
gas streams was observed to be in between 1®C and 5°C, 
Depending upon the ratio of bypass stream and the stream 
that was fed to the bed, the temperature difference-, 
between the solution and that of the inlet gas stream 
during a run was observed to be in between ~2°C and 
5°C, The solution was found to be at higher tonperature 
particularly when low gas velocity was used. Two typical 
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plots showing the liquid and gas compositions and the 
solution temperature with time are shown in Figures 
4.28 and 4,30 for the lighter =.'5 3 kg m”^) and 

- P 

heavier = 148 kg m ) particles , respectively. 

Similar variations of composition- ' aiid temperature have 
been reported by Porter et al, ( 1966)^ who employed the 
recycling arrangements for the gas and liquid streams 
for the evaluation of interfacial area/ using C 02 -NS 0 H 
system, in a large bubble-cap tray (0.915 ra ID), Stru- 
millo and Kudra (1977) have also observed a linear 
decrease in NaOH concentration in the solution. 

Since the liquid-side heat-transfer coefficient is 
several times higher than that of the gas-side and that 
the involved temperature difference was small, it was 
assumed that the tor.perature of the solution right upto 
the interface v/as uniform and hence the physico-chemical 
properties (required for the evaluation of interfacial 
area) were estimated using the solution temperature, 

4,3.2 Evaluation of Interfacial Area and Surfac e-renewal Ra^ 

Based on the study of the absorption of pure CO 2 
into NaOH solution in mobile bed contactor, Strumillo 
and Kudra (1977) have shown that the error in neg- 
lecting the gas-side mass-transfer resistance is less 




'F4g.4.28 Variations of liquid and gas compositions and 
temperature with time during a mass-transfer 
run with lighter spherical particles. 


Temperature /C CO 2 ^ 'A 




Heavier spherical particle 
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Fig. 4.30 Variations of liquid and gas compositions and temperature with 
time during o mass-transfer run with .teavier sptiericol particles. 
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than 5 A when composition of OO 2 used is 3 to 4 volumo%. 
AS pointed out earlier that the other investigators too 
have Considered the gas— side mass— transfer resistance 
to be negligible. Under this condition, the rate of 
absorption for the pseudo— first-order reaction is given 
by the relation 

provided the following condition is satisfied (Danckwerts 
and Sharma, 1965; Danckwerts, 1970):- 

v/'^CO, ^^2 ^OH ^ 2 ^1^ ^ ^ (4.23) 

Equation (4,22) can be re^^rritten as 

Y = isal^ =A'^(k 2 C +s) (4.24) 

and the well-known Danckwerts' plot (Y versus k 2 C^j^) 
can bo constructed to evaluate interfacial area and 
surface-renewal rate. It may be recalled that all the 
other investigators neglected the surf ace- renewal rate 
i^nd hence the liquid— phase mass transfer coefficient^ k^^) 
in comparision to k 2 Strumillo and Kudra (1977) 

have pointed out that it has to be considered in the case 
of mobile bed contactor. For the evaluation of Y and 
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Area and Surfaco-ironewal Rate 

It was found for the bed with lighter particles that 

i 2 

the intorcopt (a s) of Danckwerts* plot was greater 
than sero except for one run/ whereas for bed with 

heavier particles a’^ s = 0 for most of the mns. 

The estimated intarfacial area and surf ace- renexfal 
rates are listed in Tables 4.2 and 4.3 along with the 
average expanded bed height, H, and interfacial area per 
unit v dume of the expanded bed, a . It can be seen in 
on..,' of the iruns that s is very high. The tedius nature 
and the magnitude of error in measurements v/ith a large 
set-up like tliis have been discussed by Wozniak (1977). 
Since the surface-renewal rate is about an order of 
magnitude smaller than values of s reported 

can bo considered to give only order of magnitude. The 
variation of A with gas velocity for both the particles 
is shown in Figure 4.32, 

It can bo seen from this figure that for the bed 
with lighter particles, A was found to increase with 
licpntd velocity but tu decrease with increase in gas 
volc'icity. Whereas for the bed with heavier particles, ^ 
with IncruasQ in gas velocity but the trend 
indioateo that it decreased with Increase in liquid veloclt 
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TABLE 4.2 


SUMMARY 

0£.,MASS 

TPAMSFER 

RESULTS 

.WITH LIGHTER S?I 

ISRICAL PARTICLES 

d = o.o: 
P 

38 m ; 

J- =53 
P 

, ^3 

kg ra ; 

Hg = 0.24 m 


1 — 1 

u 

q 

H 

A* 


S (X 10"^) 

-1 

-1 


2 -2 

'2: «3 


ra s 

m s 

rvi 

m m 

m ra 


0.022 

0.5 

0.28 

66.14 

236.21 

1.03 


1.25 

0.45 

62.25 

i 38 * 33 

12.0 


1.50 

C.50 

61.64 

123.28 

0.00 


2 . 0 

0.625 

62.58 

100.53 

1.92 


2.0 

0.&25 

53.74 

93.93 

2.67 ^ 


2 . 0 

0.625 

64 , 35 

102.96 

0.48 


2 . 5 

0.75 

60.83 

31.11 

1.757 1 

0.033 

0.5 

0.33 

77.46 

234.73 

0.95 


1.25 

0.525 

72.11 

137.35 

0.96 


1,25 

0.525 

74.16 

141.26 

0.91 


2 , 00 

0.725 

72.28 

99.70 

1.24 


2,00 

0.725 

70,36 

97.05 

0.61 

0 . 04 1 1 

C.>, 8 

0.38 

80.00 

211.00 

0.78 


1.25 

0.50 

79.42 

158.84 

0.71 ; 


1.25 

0.50 

81.39 

162.78 

0.54 


1,50 

0,65 

82.9 

127.54 

1.1 ! 


2.0 

0.775 

76.16 

98.27 

0.69 


2.0 

0.775 

79,34 

103. G2 

3.77 


2,5 

0,90 

01.35 

68.72 

0,96 j 


2.5 

0.90,. 

67.08 

74.53 

0.62 1 


TAELi: 4.3 


124 


&y>;mR:)r 

_ _qp MASS 

..TR^jSFSR 

.P0iSl;LTS ’WITH 

HSAVIgR. 

SPHERICAL PARTICLES 

d - 0 , 

038 m ; 

~ 148 kg 

K = 
s 

0, 24 m 


'■'g 

H 

A' 

^T-^ 

£> 

S (X 10~^) 

*n 

m s” “ 


ra 

0 

m m 

2 »3 

in m 

-i 

c? 

0.022 

O. 5 

0.2&5 

61.64 

232.60 

0 


1.25 

0.41 

4 2.20 

102.90 

0 


3 .50 

0.425 

37.58 

88.42 

0 


2.0 

0 , 5 2 5 

40.13 

64.20 

0 i 


2.5 

G.71 

37.42 

52.7 

0 


2 , 5 

2 . 7 5 

0.71 

0.80 

45.27 

36.6 

63.76 

45.75 

0 

1.42 

0.033 

0.5 

0.30 

44.16 

147.29 

0 : 


1.25 

0.46 

44.93 

97.67 

0 


2 . 00 

0.625 

33.73 

53.96 

0 


2.00 

0.625 

40,21 

64.33 

0 


2.50 

0.75 

38.43 

51.30 

0 


2.50 

0.75 

35.22 

46,96 

c 

0.0411 

0.5 

0. 34 

44.17 

1 2'y .91 

0 


1.25 

0.51 

39.68 

77.8 

0 : 


^ 0^ 

0, 65 

32,404 

49.85 

4,38 


2 , 5 0 

0.775 

32.53 

41.97 

0 ! 


2.50 

0,775 

30.545 

39.41 

4 ! 

8 X 10 



Lighter spherical particle 



Fig. 4.32 Intcrfdcial area per unit cross’-sectional area of the contactor 
versus gas velocity for lighter and heavier spherical particles. 
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The interfacial area in the case of heavier particles 
is considerably lower as compared to those observed with 


lighter particles* since several investigators have 
reported the plots of a^ versus gas velocity are 
alS )0 shown in Figures 4,33 and 4*34 for these two par- 
ticles* As Can be seen from these figures^ a was found 

s 

to dGCraase with increase in gas velocity for both the 
particles. There was insignificant effect of liquid 
velocity on in the case of lighter particles while 
a.j.^ decreased with liquid velocity for the bed with 
heavier particles. 


The visual observations of the bed with lighter 
particles indicated that there was a smooth fluidization 
characterized by the vigrous movement of the individual 
particles. The liquid was seen to be dispersed in droplets 
throughout the bed and it appeared opaque when seen from 
the side. But, the slugging motion of the bed was observed 
for the bed with the heavier particles. It was seen that 
tho particles wore temporarily forming a bridge with the 
wall and breaking up. The liquid vras seen draining from 
the upper particles to lower particles in rivulets and 
tho bod was transparent in patches as viex-jed from the sxde 
Since tho liquid was dispored in droplets form in the bed 
v;ith lighter particles, the interfacial area as well as 





Heavier spherical particle 



IS 
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thG surface-renewal rate (and hence k^) were found to be 
higher than those obtained in the bed with heavier 
particles. Since the liquid drained in the form of 
revulets from one particle layer to another# increase 
in liquid velocity merely increased the size of these 
rivulets instead of increasing the interfacial area. On 
the other hand ^ in the case of bed with lighter particles, 
the increase in liquid velocity increased the dispersion 
Contributing to higher interfacial area and surface- 
ronowal rate. 

The values of interfacial area in mobile bed con- 
tactors reported in literature are summarized in Table 
4,4 (experimental details of mass transfer studies 
reported in literature are already presented in Table 2,4) 
All these data (except those of Groeneveld, 1967) have 
been obtained with particles of densities greater than 
200 kg m~^, Gel'perin et al. (1972)# Wozniak and 
jZJstorgaard (1973)# Wozniak (1977) have reported an 
increase in intorfacial area with gas and liquid velo- 
cities. Kito et al. (1976a) who evaluated interfacial 
area in a mobile bed contactor with 'stagnant* liquid 
flovr# have reported that interfacial area remains cons- 
tant with gas velocity, o'h- the otherhand# Strumillo and 
Kudra (1977) observed that the interfacial area first 
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incr',,;-,-.iSod and than docraasad with gas velocity and it 
incr''-a.t.i!d with liquici velocity, it should be pointed out 
tiicit the different investigators have employed different 
sie and densities of particlos, grids of different 
fr.wi area of oponnings, and different methods of ana- 
lysis ;if the data. Hence- no generalized correlations 
coulti b;.; obtained. However, tha overall trends can be 
'loLecoriiod. 


Th':.,' trend in the varieition of A with gas and ; 

liquid voloclties reported in literature, in contrast | 

t.; that observed in this work, can be understood from I 

th cl .:X 5 en;h:':nce of the nature of fluidization on the 

density of particles. O'Neill ot al.(1972) have advanced I 

a hypothesis that the fluidization with incipient floe-- ; 

ding occurs in beds with particles of densities greater 
— 3 

than 233 kg m whereas the fluidization without rnci- ; 
cdont flooding takes place for lighter particles. They | 
h.',v..! .'.Iso explained the auparant inconsistencies observed 
witl'i r 'qard to the variaticn of minimum fluidization | 
v;l'...city with density of particles. In the bees wrth I 
lighter narticles, used in this v/oik, the liquio was 
:nin to be in dispersed phase and the gas in a continuou^ 


3 '. 




In sriTi0 studies conducted Vw^ith still heavier 
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particlos ( £-500 kgm“^) 

P 

gas bubbles coxxlCi clearly be 
■...:mulsic-n cc^n si sting of liqiai 
bubbles, perhaps clue to this 


in this laboratory, large 
seen rising through the 
cl, particles anu small gas 
nature of the bed. 


Gol'pei-in et al.(1972) have characterised the mobile 
be'.l as a bubble column. Further, Kito et al. (1976b, 


1976c, 1978, 1981), vrho studied hydrodynamics with 
h..;aviv„-r particles, have reported that the liquid holdup 
is fully s\ipportecl by the upward flow of the gas; 


t/hcroar. in this work it was observed that only a part 
■ it vras supportod. This se -ms to bs consistent V7ith 
tin..' O'M ill et al, (1972) hypothesis. Thus it appears 

5 

thr\t the magnitude and variation of k vjith gas and 
licfui'l vcliiCitiss strongly depend on the density of 
X5.:\rticles, 


The present study and the observation of Strumillc 
nna Kulro. (1977) indicate that it is preferable, to 
■; valviato interfacial nrcv'a. vJithout a priori assuraption 
Ci£ nogligiblo liqxiid-phase mass-transfer coefficient. 

Th., interphasG mass-transfer rate deparicls on the 
interfacial area and the individual mass-trcinsfer 
c M'f liciunts. The power expended in the bed is proper- 
1 1 , nal t'.; the pressure drop due to the weight of the 
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particlws thG liquid Ij-ildup, The values of inter- 

1' '.ct.'l area^as summarized in Tabl3 4.4, and the order 
■.'f: rn- 'qnitudii of surfoce-renevial rate reported by 
Strumillo and Kudra (1977) and that observed in the 
pros' jnt vjcrk suggest that, at least for the system 
v/hon gas side mass-transfer resistance is not contro- 
lliiiq, the low 'lonsity particles v/ill give higher mass- 
t:r nsi it ro.t.js j)or \init power expended in the bed. 
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CHfxPTER 5 


CONCLUSIONS 


cuhii .,t.';hv;ni.;ivo review of the literature on hydrodynamics, 
axial mixing and mass transfer in a mobile bed contactor has 
been pr«-...njnt.jd. Tho hydrodynamic studies are extensive and 
raasori.iVdy ''uwxi g^'iieralizud correlations are available. But 

ai. ■ 1 ! nt.tuiii?;.; on axial mixing of the liquid phase and 

iKUu.' (.11 IJ( ■ '! in ph.i ox ini mixing. Although a number of studies 
h.'iv.' bo .n f fi) ft' -d on moss transfer but bulk of the literature 
in np' jn n. tur and can bo applied only to the systems 

rm<i T'.'.n'i - ct' v.'iiri ibL'.’S invent igo ted. 

In tdi’ ' pr'. ‘.’.u.ut v/ork, experimental studies have been 
c<tridu(/t, 'll \i)x tt'U' d< .'termination of pressure drop, liquid holdup, 
Vxxi ‘Xp am ian, minimum fluidisation velocity, liquid phase axial 
mixing, m.mn-trannf ...r coefficient and interfacial area in a 
0.1!:) m TD mabil'.' lx.-d Contactor of relatively low density 
(S3.-.1 '3 K ' nr S nijh..rical and irregular shaped particles. Air- 
wat.'.'r n/..l tu VMS uS'-'d for the hydrodynamic and a;cial mixing 
stud i-.-n, 'I'h..' ;ii.me-t.r .nnfer studies were performed using the 
-li.morpt i.,n vd into NoOH solution. 

'I'h pr- nsure drop was found to be independent of 

thu fjan V d^oclty tor all the particles, whereas the bed expan- 
sion w.m. gain. I to d.-pend on the shape and density of the 
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part:.icl>.r,. It was shown in general that only a part of the 
llnn,i/i !u-l<i in the bed is supported by the upward flow of gas. 
The K itf )*”1 1 ib’.ji'-Mur.itti Correlation (1978) has been adapted to 
fit t!i'.! tilt. I of the pressure drop and liquid holdup. The 
correlations proposed are 


0.0H6 I- 11 (fd/D)“°-^® (Ga)°'°^ x 


(Fr),^-^" (Re)T°-2" (We)f-34 


(5.1) 


i-. 12. H (Iiyd (fd/D)"°*^® (Ga)°*°® (Fr)^’^^ x 

li p 1 


. ,-0.34 ,-0.34 

(RO.)^ (v^re)^ 


(5.2) 


Thc.‘ .XiMUSlfjn of: the bvJd with cork particles showed a nature 
(Jit i ’ .T -lit i r..)in the spherical and irregular particles, and hence, 
tv/o n ■(., ii ite .-■.Muiric.al correlations have been proposed; 


132 + 1,02 d’"-' Ug 


,-1.7 p-1.2 0.2 

p ‘y 1 


(5.3) 


fnr tfi nph’ •r-Jo.d and irregular particles, and 


H + 4 3 U, + 1,545 ir 

(I i y 


(5.4) 


l.'tsr tli-. i.:(jr'k p. it“i.lcl>'fi. 

Slrice tlv minimum fluidization velocity was determined from the 


ts of H/l!.. versus U_ by extrapolating the curve 

tj Sj 


to h/h_= 1, 

Id 
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The two corrulations given by Equations (5.3) and (5.4) 

can al.'”,! n ■ tor the detormination of minirmom fluidization 

velocity I'Y netting 1. 


It was otasorvod that in some regions the particles 
congr g '.ted at the leaving a particle-free core. The maps 

i cl. i no than. r-!'''ions have be.en presented, 

Th* ‘ li(iuid. -phase ctcial mixing was studied using the 
stu*)i~.itip‘!l. r"!.!s>'nsa tochnirpio. The breakthrough curves were 
int‘..'ic’ii.i- t'"i u.'dnvj the single-parameter a:<ial dispersion model. 
Tiio of th'.’ spherical particles vjere found in agreement with 

those t.h ; v,.', '.rlior investigators. The follovring correlations 

£c)t: th%; i’ .‘.:l';t nuiiiber and cixial dispersion coefficient have 


been v)ropo!;.ct* 
^ 4,49 


Pv,:: = 10’ 




■0.165 (JJ p.824 ^ 

s p 


(d /d) 
P 


1.464 


(5.5) 


po 10 


.3.2^ 


( He 


(H/a ) 

JL y 


0.95 


X 


(d /D) 
P 


1.562 


(5.6) 


■ in' 1 


D- 1 0 

ij 


■1 3.dt 


( Ri 


; (H/dp)' 


.0,068 


( d /D ) 
P 


- 2.8 


(5.7) 
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It was found that with increase in the static bed height 
Pe increased and near plug flow condition can be achieved vjith 
H^/D>2. This fact can be utilized for improving the contactor" 
performance provided the congregation of particles at the wall : 
can be avoided. 

Mass transfer studies v;e re conducted with 0.038 m 

— 3 

diameter spherical particles of densities 53 and 148 kg m , 
employing the absorption of Co^ in NaOH solution. The inter- 
facial airea and surface- renewal rate were evaluated construc- 
ting Danckwerts' plot. The results indicate that both the 
intarfacial area and surf ace- renewal rate were higher for the 
bed with lighter particles than vxith the heavier ones. The 
apparent inconsistency in the variation of interfacial area 
with gas and liquid velocities, reported in literature and 
ti'iose observed in this study, was explained using O'Neill et al 
(1972) hypothesis of the dependence of the nature of fluidi- 
zation on the density of particles. The results suggest that 
it is preferable to evaluate the interfacial area without a : 
priori assumption of negligible liquid-phase mass-transfer ; 
coefficient as suggested by Strumillo and Kudra (1977). 

Comparing the values of interfacial area with the 
reported data, it has been shown that the intejcphase mass I 

transfer rates per unit power expended are high in the bed wittt 
low density particles, | 
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Suggestions for future work i- 

(i) This study indicates that 'a better performance of the 
mobile bed contactor can be achieved with low density 
particles; but these particles have a tendency to con- 
gregate at the wall. Further studies are necessary to 
understand this phenomenon, and measures must be found 
out to prevent the congregation. 

(ii) The hypothesis, advanced by o'Meill et al.(1972), of 
dependence of the nature of fluidization on the density 
of particles, seems to offer a promising approach. It 
should be developed further to understand the nature of 
mobile bed contactor, 

(iii) To obtain generalised correlations, a systematic investi- 
gation need to be undertaken to study the affect of 
shape, size and density (especially low density) of 
particles and static bed height on axial mixing, inter- 
facial area, individual interphase heat and mass- 
transfer coefficients. 
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Appendix A 

Carbon dicsxide Analyzer 

In the mass transfer studies, the composition of CO 2 
in the air~C 02 mixture was analyzed with the aid of specially 
Constructed Orsat-type gas analyzer, A schematic diagram of 
the analyzer is shown in Figure a- 1, it consisted of a glass 
gas sampler and a glass equalizing bottle for holding NaOH 
solution. The sampler had an absorption bulb (a) of 330 cc 
volume with a long graduated glass stem (B) of volume 20 cc. 

It was fitted with an one-way teflon stop-cock (SC-1) at the 
top and a two-way teflon stop-cock (SC-2) at the bottom. The 
sampler was connected to the equalizing bottle (C) by a 
flexible polyethylene tube as shown in figure. The gas sampler 
was fixed on to a wooden board. The gas sample v/as analyzed 
as follows. 

The gas, streaming out through the gas sampling point 
SG (as shown in Figure 3.1), was passed through the gas sampler 
(keeping stop-cock SC-2 open to atmosphere) continuously for 
a period not less than 5 min. At a predetermined time, stop- 
cock SC-1 was closed and the trapped gas sample was allowed to 
equalize with the ambient pressure. Then stop-cock SC-2 was 
opened to let about 75 cc of NaOH solution enter the sampler. 
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Gas 

sampla 





sc-i 






Fig . A-1 


A . Absorption bulb 
B . Graduated stem 
C . Equalizing bottle 
SC-I- One-way stop-cock 
5C-2. Two-way stop-cock 


Schematic diagram of the Orsat-type 
carbon dioxide analyzer.^^^^^^^^^^ ^^^ 
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Thtjn stop-cock SC-2 was closed and the sampler was vigrously 
shaken lot about 3 min to ensure complete absorption of CO 2 
into the solution. The stop-cock SC.2 was again opend and the 
sampler was held high such that the solution interfaces in the 
graduated stem and in the egualizing bottle were at the same 
level. This ensured that the gas pressure in the sampler was 
at the ambient pressure. At this stage, the volume of CO 2 in 
the gas sample was determined from the solution level in the . 
g r adu . t od st om . 

Thij accuracy of the analysis was checked using gas 
samples of known compositions. The gas mixture containing 2 to 
6 % of CO 2 by volume could bo analyzed with an accuracy of 
0.05 % of CO 2 . 

To prevent absorption of water vapor into NaOH solution, 
a part of the solution which was prepared for the mass-transfer 
run was used for the analysis. It was observed- that the tempe- 
rature of tho gas sample was different from that of solution 
during a run. On vigrous shaking with the solution, the gas 
temperature foil resulting in decrease in volume of the gas 
sample. As tho run progr€.'Ssed the gas came in equilibrium with 
the solution in which part of NaOH was converted to Na2C02» 

AS a r-sult there was a minor variation in the amount of water 

, To take these effects into account 


vapor in the- gas stro,am 
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blank analysis of C 02 “frGe air that was circulated through 
tho bad for long enough time, before and after each run was 
made. The blank analysis gave volume contraction of about 
2,5 cc to 4,0 cc in 350 cc. The difference betv/eon blank 
am 'lyse is before and after the run was about 0,5 cc to 1,0 -cc. 
The tomporature cif the gas samxjle and that of tiie solution in 
tho lining bottle v/as rn-^nitored periodically throughout a 

run, "'nd ternperaturo difference was found to vary by 2 to 3 'C. 
Th ' C' jrrcictiv^n was .applied assuming that the blank analysis 
verl'Hj lin..;arly during the peri.;d of a run. 



Appendix b 


reps rt ie s 


In the eval'uaticn of interfacial' area, estimation of a 


number of physico‘”Chemi 
scTn'.; o f t he svd j) rope rt ia 


al properties is required, in literature, 
are available either in a grai:)hical 
fr,irn o.r in a tn.bul/,r forrn. To fecilitate computer calculations 
tiie aV(‘iilal:-lt‘! data w<:.u:'e Corrol 2 .ted in the form of empirical 
rol^ll:ion5 in the caso of those properties for v/hich no analytical 
rolriin;! (tu::; oU'. iWctilable. The .accuracy of these empirical rela- 
t.j.onf:’- ’.'/'in than 1 %. The re-iuirad physico-chemical proper- 

tivis avK-. tiio r'...lations used are presented here. 

(i) Dif::in.‘..'i,on Coofficiont of Co^, i/i v/at.jr, D 

Biased on tl'io data x/>besented by Ratcliff and Holdcroft 

(1963), tho follov/ing relations were obtained for 

, . 2 “Is 

D ( .in o;Ti s ) 3 ■“ 

Vv 

(0.042 T + 0.87) X 10“^ ; for 1S'’C<T<25®C (E-l) 

(0,081 T + 0.645)x 10“’*'’ ; for 25°C<T<35®C (B-2) 

(0.06 T + 0,33) X 10”^ ; for 35®e<T<50®C (E-3) 


D. 


'W 


D 


O 


Vf 


(i.‘.) .■ioIuViil.ity of CC^ in Water, H 


w 

Th.,' solubility of CO 2 v/ater (in grnol 1 atm 

wan ■;V'iluatod using the following expression given 
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by Danckwerts and Sharnia (1966)5- 


log. 


10 V 


1140 

- 5.3 

(273 + T) 


( 3 ^ 


) 


v.'here T is in °C. 

(iii) VivSCOwSity of water, 

'I'V 

Froia tiie rnonograpii presented in Chemical Engineers’ 
Handbook (perry and Chilton, 1973) the following 
relation was obtained fory^*(in centipoise) 


Aim 


1.34 .. 0.016 T ; for 15d:<T<50' 


(B-5) 


^ ^ Vl>>c os ity of S ol ntion C ontaLiriin g NaOH ana 


Hitchock and Mcilhenny (1935) have piresented the 
data of viscosity and density of solutions of 
NaOH and Na.,C0^., and their mixtures upto a 
concentration of SN (NaOH) in the teraperature 


range: of 20 to 40 °C. From the viscosity data the 
follotr.tng correlations x’ere obtaineo for 
(in centiiXjise) 


= (1+0.2 (N-2)) * axp (-6.67 In (T + 273) + 38.414-1 

for N 4 2 ( 3-6 j 

= (l+0.3(N-2)) * exp (-6.67 in (T+273) + 33.4l4-f) I 

for N >2 (B“7| 
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where N -- Ij'JaOHj + 2 £Na,;,Co^j 
f = fNaOHj/ N 
and T is in °C, 

(v) Diffusion Coefficient of CO 2 in Solution containing 
NaOH and Ma,-Co^, 

Zj ^ O .-s 


The relations x-iTOpcsed by Ratcliff and Holdcroft (1963 

and NijsinQ et al. (1959) for have been V7idely 

CO 2 

used. The correlation x-toposed by Ratcliff and 
Holdcroft has been obtained by analyzing the data of 
a number of electrolytas like RaCl, NaHo^, Na^SO_^/ 
MgCl,. / ^'lg(NO-^) etc,, hence their correlation 


V'us used 


D 


CO, 


. v*>X. Olio 



evaluation of D ,( in 



(B--8) 



). 


( vi ) Ionic vSt rongth of the S obecion/ I 

The ionic strength v/es . calculated from the following 
relation (Danckv^eirfcs, 1970).’- 


where 


T = 


2 

c . z . 
1 1 


= concentration of the ith ion 
= the charge of the ith ion 


(B^^9) 
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( vii) 


log^o 

whe re 


Solubility of CO 2 in Solution Containing NaOH 


and Na 2 C 03 , 


The following relation (Danckwerts, 1970) was 
used for (in gmcl l"”^ atm~^) 


H 


CO- 


H. 


w 


'^aOH ^aOH " ^a2C02 ^a2C03 (B-10) 




= h + h 
aOH ^ ^ 

Na OH 


+ h 


'\a2CO2 


= h , ■+ h - + h 


Na 


CO. 


here h , h / ^ _ 
Na oil CO- 


and h are contributions 

g 


of positive ion, negative ions and gas to solubility 


factors 


and h. 


Na 2 C 03 


Based on the data presented by Denckwerts (1970) 

the following relations were obtaineds- 

h = - 0.0009 T + 0.0035 , for 15®C<T^ 25°G (B-11) 

h = - 0.00055 T"0. 00525 * for 25°C-«T < 35°C (B-12) 
g ^ 


hg= - 0,003 T -0.14 ^ 

5.aOH= * 0.066 + hj 

and 


for 35°C<T < 50°C (B-13) 

(B-14) 


^la.,C0 


= 0.091 + 0.021 + h 


2 ^3 


g 


(B-15) 
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(viii) Second-Border Rate-constant for Reaction of Co ^ 
with Sodium Hydroxide Solution, 3^2 

“1 ”1 

The second-order rate constant k 2 (l gmol s ) 
was evaluated using the following relations which 
were obtained based on the data and relations 
available in literature (Danckwerts and Sharma, 

1966; Pinsent et al., 1956; Sherwood et al., 1975 );- 


= k 


OH 


* 10 


(0.135 V I) 


(B-16) 


where k-„ is the reaction rate constant at 
OH 

infinite dilution and is given by the relation 
(Danckwerts and Sharma, 1966) 

V = “ 2895/(T + 273)) 

V X / / 


where T is in °C 



